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Abstract: Copper-filled vertically aligned carbon nanotubes (Cu@VACNTs) were grown directly on 8 
Cu-foil substrates of 0.1mm thicknesses at different temperatures via plasma-enhanced chemical 9 
vapor deposition (PECVD) technique. By circumventing the need for additional catalyst layers or 10 
intensive substrate treatments, our in-situ technique offers a simplified and potentially scalable 11 
route for fabricating Cu@VACNTs with enhanced electrical and thermal properties on thin Cu foils. 12 
Comprehensive analysis using field emission scanning microscopy (FESEM), transmission electron 13 
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS) mappings, and X-ray diffraction 14 
(XRD) revealed uniform Cu filling within the VACNTs across a range of synthesis temperatures 15 
(650 oC, 700 oC, and 760 oC). Field emission (FE) measurements of the sample synthesized at 700 oC 16 
(S700) showed low turn-on and threshold fields of 2.33 V/μm and 3.29 V/μm, respectively. The find- 17 
ings demonstrate the viability of thin Cu substrates in creating dense and highly conductive Cu- 18 
filled VACNT arrays for advanced electronic and nanoelectronics applications. 19 
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Introduction 22 
          Since their discovery in 1991 by Ijima [1], CNTs have been extensively re- 23 

searched for possible applications in myriads of fields. They exhibit exceptional chemical 24 
stability, high aspect ratio, low work function, large field enhancement factor, superior 25 
mechanical strength, and excellent electrical and thermal conductivities, making them 26 
promising materials for field emission applications [2–7]. Studies have also suggested that 27 
due to the hollow cavities of the CNTs, filling them with foreign materials will drastically 28 
improve these intrinsic properties and enhance their performances in field emission de- 29 
vices and several other nanoscale applications, including nanosensors [8], nanomagnets 30 
[9], nanoswitches [10], nanothermometers [11], batteries [12], and supercapacitors [13], 31 
etc.  32 

          The resulting filled CNTs (X@CNTs) display the characteristic features of 33 
both the host CNTs and the foreign filler materials, together with elongated cavities acting 34 
as templates to generate 1-D nanostructures such as nanowires [14]. For instance, studies 35 
have shown that CNTs filled with ferromagnetic materials (Fe, Co, and Ni) display excel- 36 
lent magneto-resistance and, thus, can be used as nanomagnets in magnetic data storage 37 
devices [15–18]. The CNTs ensure durability and stability by protecting the ferromagnetic 38 
filler from possible oxidation. In field emission devices, the electrical and thermal conduc- 39 
tivities of CNTs are greatly improved by encapsulating highly conductive nanowires in- 40 
side the cores of the CNT arrays. This greatly increases the field enhancement factor and 41 
reduces the turn-on and threshold fields. In 2021, our group reported very low turn-on 42 
and threshold fields of 1.57 V/µm and 2.43 V/µm, respectively, and a high field enhance- 43 
ment factor (ß=3061) for Cu-filled VACNTs (Cu@VACNTs) grown on bulk Cu disk[19]. 44 
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These excellent field emission properties resulted from synergetic contributions from the 45 
VACNTs and the highly conductive encapsulated Cu nanowires 46 

        Depending on whether filling occurs during or after CNT growth, the tech- 47 
niques are classified into two broad categories: ex-situ and in-situ. The ex-situ techniques, 48 
which include the sonication-assisted wet chemical method [20], supercritical fluid chem- 49 
ical deposition (SFCD) [21], solution infusion method [22], chemical fluid deposition 50 
method (CFD) [23], and electrochemical deposition method [24], involve encapsulating 51 
foreign materials into the hollow cavities of CNTs post CNT synthesis. On the other hand, 52 
in-situ filling occurs simultaneously with CNT growth. The arc-discharge [25]  and chem- 53 
ical vapor deposition (CVD) [26] methods are the most used in-situ methods. Meanwhile, 54 
unlike the ex-situ techniques, which involve multiple steps that require opening the closed 55 
ends of CNTs, the in-situ methods present a single-step synthesis route for filled CNTs 56 
(X@CNTs) with well-preserved capsules and closed ends [27].  57 

         Several foreign materials, including metals [28–30] and metal oxides [31– 58 
33], organic molecules [34–36], carotenes [37–39], fullerenes [40–42], fluorescent NPs [43], 59 
etc., have been used to fill CNTs for several applications. Among these materials, copper- 60 
filled CNTs (Cu@CNTs) have gained huge recognition owing to their excellent electrical 61 
and thermal conductivities, low cost of copper, and weak interaction with carbon. Fur- 62 
thermore, studies have demonstrated that the inherent high conductivity of CNTs can be 63 
increased by encapsulating Cu inside the core of the CNTs [44–46]. Despite these impres- 64 
sive results, the filling methods employed are fraught with several issues, such as poor 65 
yield of filled CNTs, intricate multiple steps, improper alignment of the resulting 66 
Cu@CNTs, and the need for Cu salts.  67 

 Furthermore, to achieve Cu@CNTs via the in-situ technique, the CNTs need to be 68 
grown directly on the Cu substrates without any extra catalyst layers. However, reports 69 
have shown that it is challenging to synthesize CNTs on Cu because of its poor catalytic 70 
activity and extremely low carbon solubility in it [47]. Cu has occupied 3d-orbitals, which 71 
prohibit the formation of covalent bonds with hydrocarbon molecules. The small binding 72 
energy of Cu with carbon also suppresses the CNT graphitization during the growth [48]. 73 
Atthipalli et al. [49] grew multi-walled CNTs (MWCNTs) on bulk copper wafers but by 74 
first depositing Ni film as a catalyst layer. Similarly, Yin et al. [50] reported bamboo-like 75 
CNTs on oxygen-free Cu substrate by first sputtering Ni particles as catalysts on the Cu 76 
substrate. Rao et al. [51] also reported CNT growth on TEM copper grids coated with Ni. 77 
Sepahvand et al. [52] obtained dense VACNT arrays by depositing Ni and chromium (Cr) 78 
as both catalyst and barrier layers respectively. Meanwhile, it is important to point out 79 
that prior to the catalyst deposition, an intermediate buffer layer is first deposited onto 80 
the substrate material to prevent the diffusion of the catalyst particles into the Cu sub- 81 
strates. Aside from this being a tortuous procedure, the presence of the intermediate layer 82 
increases the contact resistance between the CNTs and the Cu substrates. In addition, it is 83 
impossible to achieve in-situ filling of the CNTs with Cu following the procedure de- 84 
scribed above because the CNTs grow on the deposited catalyst particles and are more 85 
likely to be filled with them. There are a few successful reports on the direct synthesis of 86 
MWCNTs on Cu substrates by first activating the catalytic properties of the Cu substrates 87 
by either acid or sulfur treatment for long hours [47, 53, 54]. However, this process is long 88 
and expensive. Our group has tried to address these intricacies by developing a facile in- 89 
situ method for filling VACNTs with Cu [19]. Although the technique obviates the depo- 90 
sition of extra layers and acid treatment, the Cu@VACNTs were grown directly on thick 91 
Cu disks (thickness= 0.6 mm) which are not good for practical micro and nanoelectronics 92 
applications. 93 

         Herein, we report the direct synthesis of Cu@VACNTs on thin Cu foils 94 
(thickness= 0.1 mm) at different temperatures. Generally, compared to thick substrates, it 95 
is more difficult to grow CNTs on their thinner counterparts because they lack the struc- 96 
tural integrity to withstand the high mechanical and thermal stress during the CNT 97 
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growth process. They either crack, melt or undergo other structural deformations, which 98 
could in turn impact the uniformity and quality of the resulting CNTs. 99 

 100 

2. Experimental Section 101 
1.1. Cu@VACNTs synthesis  102 

           Arrays of copper-filled VACNTs (Cu@VACNTs) were synthesized on 0.1 103 
mm thick Cu foil substrates using the direct current (DC) PECVD method described in 104 
our previous report [55]. The Cu foil substrates were ultrasonicated with acetone and iso- 105 
propyl alcohol for 10 mins each to eliminate organic and inorganic contaminants. After 106 
cleaning, the substrates were allowed to dry in the open air before being transferred to the 107 
PECVD chamber for CNT growth.  108 

            The growth chamber was pumped down to the base pressure of 0.01 109 
Torr, and ammonia (NH3) gas was subsequently introduced at a flow rate of 110 sccm and 110 
the chamber was maintained at a constant pressure of 7 Torr. This was done to create the 111 
reduced environment necessary for CNT growth. Under the NH3 environment and at a 112 
constant pressure of 7 Torr, the Cu substrates were heated to growth temperatures of 650 113 
oC, 700 oC, and 760 oC at a rate of 50oC/min with the NH3 flow rate still maintained at 110 114 
sccm. Uniform catalytic active sites were formed on the substrate surface due to the etch- 115 
ing effect of NH3 on the substrate at elevated temperatures. These catalytic sites were nec- 116 
essary for the nucleation of CNTs. Upon reaching the desired growth temperature, the DC 117 
plasma was turned on, and the power was maintained at 70 W. This was immediately 118 
followed by introducing acetylene (C2H2) as the carbon precursor gas at a constant flow 119 
rate of 30 sccm. The system was turned off after 30 min of growth and was allowed to cool 120 
down at the base pressure. The samples Cu@VACNTs synthesized at 650 oC, 700 oC, and 121 
760 oC were named as S650, S700, and S760, respectively. 122 

      2.2. Material Characterization 123 
           A field emission scanning electron microscope (FESEM) was used to char- 124 

acterize the surface structure of the as-synthesized Cu@VACNTs at an accelerating volt- 125 
age of 15 kV. The XRD patterns of the different samples were obtained using the Siemens 126 
Diffractometer D5000 with Cu K𝛼𝛼 radiation (𝜆𝜆 = 1.54 Å). The nanostructures of the as- 127 
synthesized Cu@VACNTs were examined using an image-aberration corrected Ther- 128 
moFisher Titan 80-300  fitted300 fitted with an EDAX Octane Elite T solid-state x-ray 129 
spectrometer operated at 300 kV. The Cu@VACNT samples were prepared for TEM by 130 
gently scrapping them off the Cu foil substrate with a surgical blade and flushed off onto 131 
the TEM grid by dropping alcohol on the blade. Low-magnification images were taken to 132 
reveal the continuity of the copper filling inside the CNTs. High-magnification images of 133 
the CNT shell and the filled copper core were taken to show their structures and inter- 134 
faces. TEM-EDS mapping was also carried out to confirm the chemical constituent of the 135 
guest material inside the cores of the CNTs. 136 

     2.3. FE Measurement 137 
As shown in the Electronic Supplementary Information (ESI), Figure S1, a diode con- 138 

figuration was used to measure the field emission properties of the sample S700 Cu@VAC- 139 
NTs in a vacuum chamber with a base pressure of approximately 1 x 10-6 Torr. Using a 140 
silver paste, the cathode was prepared by gluing the as-synthesized Cu@VACNTs onto 141 
the stainless-steel plate. The anode was a solid cylindrical stainless-steel rod with a 0.803 142 
cm2 diameter. The separation distance between both electrodes was maintained at 615 𝜇𝜇𝜇𝜇 143 
with the aid of ceramic and plastic spacers. 50 V increments of voltage bias were applied 144 
using a DC power source (Matsusada AU-15P20) and the emission current was measured 145 
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with a Keithley 236 unit. At least five cycles of current density vs. electric field (J vs. E) 146 
characteristics were recorded with multiple samples to ensure the reproducibility of data. 147 

 148 

3. Results and Discussion 149 
     3.1. VACNT structure 150 

 The FESEM images in Figure 1(a-c) reveal the effect of different growth temperatures 151 
on the morphology and density of the VACNT arrays. In Figure 1(a), sparsely grown 152 
VACNTs of non-uniform height (between 0.4-10 μm), diameter (between 300-670 nm), 153 
and inter-tube spacings can be observed, some of which appear in bundles. The poor 154 
growth, non-uniformity and bundled nature of these VACNTs can be attributed to the 155 
fact that the growth temperature (650 oC) was insufficient to break the surface of Cu sub- 156 
strate into uniform and distinct nano-sized islands for CNT growth. In addition, 650 oC 157 
may not be high enough to sufficiently dissociate the C2H2 into carbon atoms, leading to 158 
insufficient carbon species for further dissolution into the available nano islands. At a 159 
much higher synthesis temperature of 700 oC, the VACNTs appear as freestanding uni- 160 
form VACNTs with average diameter and height of 940 nm and 14  μm, respectively (Fig- 161 
ure 1(b)). At 760 oC (Figure 1(c)), the average diameter of the VACNTs was measured as 162 
1.2 μm. Interestingly, the CNTs were slightly shorter than the S700 samples, with an av- 163 
erage height of 8.5 μm. This might be attributed to the excessive carbon deposition at a 164 
higher temperature, which caused early growth termination. Also, most CNTs appear as 165 
bundles due to Ostwald ripening, which causes individual nanoparticles to coalesce and 166 
form bigger ones. As a result, numerous individual VACNTs grow from these bigger but 167 
single catalyst sites to form bundles [56]. 168 

Figure 1(d-f) shows the corresponding TEM images of the VACNTs filled with for- 169 
eign materials. Herein, it is evident that all the samples were filled with the guest material 170 
from their roots to the tips, creating core-shell structures. It can be seen that all the 171 
Cu@VACNTs samples possess tapered structures with the number of graphitic layers de- 172 
creasing from the roots to the tips. As a result, it can be said that the VACNT walls close 173 
to the tip of the Cu core were formed at the later stages of the synthesis process [57]. This 174 
implies that the growth procedure follows the tip growth mechanism described in our 175 
previous report [19], where the Cu tips serve as the catalytically active sites for the decom- 176 
position and precipitation of carbon atoms to form VACNT shells. Figure 1(f) shows that, 177 
although the individual VACNTs in the bundle are filled, the Cu nanowires are discon- 178 
tinuous and characterized by segments and dots. This can be attributed to the high inter- 179 
nal energy from the very high growth temperature (760 oC). Consequently, the atomic 180 
activity of the Cu atoms in the nanowires increases. As a result, the Cu nanowires stretch 181 
due to pre-melting [58], decreasing the bonding strength of the Cu atoms and causing 182 
atomic gliding dislocations and grain boundary movement to occur [59]. 183 

 184 
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 185 
Figure 1. (a-c) SEM images of VACNTs synthesized at 650 oC, 700 oC , and 760 oC at a constant 186 
pressure of 7 Torr, plasma power of 70 W, NH3 and C2H2 flow rates of 110 sccm and 30 sccm, re- 187 
spectively, for 30 min. (d-f) Corresponding TEM images of (a-c). 188 

 189 
The EDS mappings in Figures 2(a1-c2) reveal that the interior regions of darker con- 190 

trast identified in the TEM images in Figures 1(d-f) are Cu nanowires. Figures 2(a1) and 191 
(a2) are the EDS mappings of two carbon nanotubes synthesized at a temperature of 650 192 
oC; the two carbon nanotubes are in contact at their roots. Figure 2(a2) shows the two 193 
carbon nanotubes are filled with continuous copper nanowires. Figures 2(b1) and (b2) are 194 
the EDS mappings of a nanotube synthesized at a temperature of 700 oC; the nanotube is 195 
also filled with a long continuous copper nanowire. From the mapping, we can also de- 196 
duce that each of the individual VACNTs has Cu nanowires completely encapsulated in 197 
them. Figures 2(c1) and (c2) show the EDS mappings of a bundle of nanotubes synthe- 198 
sized at a temperature of 760 oC. Figure 2(c2) shows Cu nanowires' discontinuity and Cu's 199 
dots inside the carbon nanotubes.  200 
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 201 
Figure 2. TEM-EDS mapping of (a1, a2) S650, (b1, b2) S700, and (c1, c2) S760 Cu@VACNTs. 202 

Figure 3(a-c) are the HRTEM images of the various Cu@VACNTs samples (the insets 203 
provide zoomed-out views of the corresponding Cu@VACNTs )VACNTs). In Figure 3(a), 204 
two sets of regular crystal lattice spacings 0.21 and 0.34 nm [60][61], related to the separa- 205 
tion between two  (111) planes of face-centered cubic (fcc) Cu crystal and (002) graphitic 206 
carbon planes were observed. 3(b) and 3(c) indicate the presence of the (110) and (111) 207 
planes of the fcc Cu crystal with lattice spacings of 0.25 and 0.21 nm, respectively [60]. 208 
These observations demonstrate that the Cu nanowires encapsulated inside the S650, 209 
S700, and S760 Cu@VACNTs are single crystals with good crystallization.  210 

 211 
Figure 3. HRTEM images of (a) S650, (b) S700, and (c) S760 Cu@VACNTs. The insets provide 212 
zoomed-out views of the corresponding Cu@VACNTs. 213 

Figure 4 shows the XRD pattern of the as-synthesized Cu@VACNTs at 600 oC, 700 214 
oC, and 760 oC. Figure 4(a) shows diffraction peaks (2θ) for all samples at 26o related to the 215 
(002) graphitic planes. Figure 4(b) is the close-up view of Figure 4(a) in the 2θ range of 216 
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40-80o,  it shows  the diffraction peaks of pure Cu crystals at 43.18o, 50.34o, and 74.06o, 217 
which can be indexed as (111), (200), and (220) planes of the fcc Cu phase. However, we 218 
observed a broad diffraction peak at 52.30 related to the (020) crystalline phase of copper 219 
oxide (CuO). The observed CuO impurity could be from residual Cu nanoparticles at- 220 
tached to the surface of the VACNTs which are susceptible to oxidation upon exposure to 221 
atmospheric conditions. During the VACNT growth and Cu filling processes, not all cop- 222 
per particles are fully encapsulated within the VACNTs. Some residual nanoparticles ad- 223 
here to the external surfaces of the VACNTs due to surface energy interactions [62]. These 224 
surface-bound Cu nanoparticles, when exposed to air readily oxidize to form CuO [63]. 225 

 226 
Figure 4. XRD patterns of the S650, S700, and S760 samples. (a) Shows the peak of the graphitic 227 
carbon layers, and (b), zoom-in of (a), shows the peaks of different Cu crystals encapsulated inside 228 
the VACNTs. 229 

  230 

From these findings, it can be clearly seen that all the growth temperatures resulted 231 
in Cu-filled VACNTs, although their densities and structures are different. These results 232 
are slightly different from previous findings where we reported discrete Cu nanorods 233 
filled CNTs at 650 oC [19]. Here, due to the thinness of the Cu foil, heating under the re- 234 
duction environment was able to induce surface breakup of the Cu substrates even at a 235 
lower temperature of 650 oC. As a result, the disintegrated solid Cu nanoparticles were 236 
transformed into their quasi-liquid state, facilitating the filling of the VACNTs via quasi- 237 
liquid capillary adsorption [64, 65].  238 

     3.2. Field emission (FE) measurements 239 
          3.2.1. Field emission theory  240 

                Electrons from the surfaces of metals or semiconductors can only be 241 
knocked off when an external force supplies additional energy [66]. This extra energy can 242 
be produced using a variety of methods, including thermal processes, energy storage in 243 
an electric field, using the kinetic energy of charges, or light energy. Depending on the 244 
type of source, there are four primary ways to eject electrons from the solid surfaces: (1) 245 
cold emission, (2) heated emission, (3) field emission (FE), and (4) secondary emission. 246 
The FE method, which involves electron emission from a conductive metal surface by ap- 247 
plying a strong electric field, takes advantage of sharp electrodes to enhance the local elec- 248 
tric field [67]. In contrast to the other three techniques, the FE process transfers energy to 249 
trapped electrons in the material by deforming the potential barrier on its surface.  250 
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                             251 
Figure 5. Potential energy diagram showing how an exterior electric field affects the energy barrier 252 
for electrons at the surface of a metal.                . 253 

         254 

When an external electric field is applied, the potential barrier changes depending on 255 
the strength of the field. Figure 5 illustrates the potential as a simple plane with the elec- 256 
tron needing enough energy to exit the material. This energy is known as the work func- 257 
tion of the metal and is typically expressed in electron volts (eV). The red dashed line 258 
depicts the potential barrier before applying an external electric field. When an electric 259 
field is applied (blue dashed line), this potential barrier is distorted, which is shown as a 260 
curved dashed line (image potential) in the image. The stronger the applied electric field, 261 
the more the barrier is lowered and narrowed (effective barrier) and as a result, cold- 262 
trapped electrons near the Fermi energy (EF) level can escape into the vacuum by the 263 
‘quantum tunneling’ effect, leading to field emission [68].  264 

             With the advancement of micro and nanofabrication technology in the 265 
past decades, generating high electric fields has been made possible by using sharp cath- 266 
odes with a few hundred nanometers tip diameters. However, compared to conventional 267 
metal emitters, CNTs possess a smaller tip curvature from which electrons are extracted. 268 
The reduced tip diameters in CNTs translate to a larger field enhancement factor and 269 
greatly reduced turn-on field.  In addition to the nanosized tips of the CNTs, their other 270 
properties, such as high mechanical strength, high electronic and heat conductivities, 271 
chemical inertness, and high aspect ratio, contribute to the excellent FE properties exhib- 272 
ited by CNTs. The FE behavior strongly depends on the CNTs’ morphology, spatial dis- 273 
tribution, diameter, degree of alignment, the contact resistance between the CNTs and the 274 
substrate, and the nature of the CNTs' tips [69].           275 

          3.2.2. Field Emission results 276 
The emission currents from the Cu@VACNTs were measured at different electric 277 

fields to understand the performance of the Cu@VACNTs emitters. Figure 6 presents the 278 
FE results from the study.  To ensure reproducible emission characteristics, a “cleaning 279 
conditioning” procedure was conducted during the first five current density vs. applied 280 
electric field (J vs. E) cycles [70]. The conditioning process evaporates surface absorbates 281 
from the VACNTs, which could otherwise trigger the FE quicker than their absorbate-free 282 
counterparts, resulting in instabilities and significant fluctuations in the measured emis- 283 
sion current densities. Thus, the FE results presented in Figures 6(a) and (b) were from 284 
the subsequent five cycles after the initial cleaning process. Figure 6(a) and (b) are the 285 
semi-log and linear scale representations of the J vs. E properties of the Cu@VACNTs, 286 
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respectively. From the curves of the J vs. E plots in Figure 6(a), we estimated the turn-on 287 
(Eturn-on) and threshold (Eth) electric fields. Eturn-on was defined as the applied electric field 288 
required to obtain an emission current density of 10 𝜇𝜇A/cm2 and Eth as the applied electric 289 
field required to produce an emission current of 1 mA/cm2. The Cu@VACNTs showed 290 
low Eturn-on and Eth values of 2.33 V/𝜇𝜇m and 3.29 V/𝜇𝜇m, respectively. Compared to the pre- 291 
viously reported Eturn-on and Eth (1.77 V/𝜇𝜇m and 2.43 V/𝜇𝜇m) values by our group, the 292 
slightly larger Eturn-on and Eth reported in this work could be a result of increased screening 293 
effect, stemming from reduced inter-tube spacing between individual VACNT emitters 294 
and lower aspect ratio caused by the larger diameter of the VACNTs. From Figure 6(b), 295 
the maximum emission current density was found to be in the range of 20.5 to 21.0 296 
mA/cm2 at an applied electric field of 4.5 V/𝜇𝜇m. 297 

 298 

 299 

. 300 

Figure 6. Graph of emission current density vs applied electric field (J vs. E plot) of the S700 sample, 301 
(a) semi-log and (b) linear scale. (c) Fowler-Nordheim (F-N) plot of the S700 sample. (d) Stability 302 
test of the S700 sample at initial currents of 0.108 mA and  1.04 mA. 303 

 304 

The emission current density of CNT emitters can be expressed by the following 305 
Fowler-Nordheim (F-N) equation [71]: 306 
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where J is the emission current density, A (1.56 x 10-6 A V-2 eV) and B (6.83 x 109 eV-3/2 309 
Vm-1) are constants dependent on the work function of the material and the local electric 310 
field at the emission tip, Φ(5 eV) is the work function of the VACNT field emitters, E is 311 
the applied macroscopic electric field between the VACNT emitters and the anode, and 312 
𝛽𝛽 is the field enhancement factor. Equation 1 can further be transformed as follows: 313 
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From equation 2, it can be seen that In( J
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β
. Hence, the field enhancement factor, β can be calculated from the slope of 317 

the F-N plot shown in Figure 6(c). The straight line in the F-N plot indicates the quantum 318 
mechanical tunneling process [72].  From the calculation, we obtained a high field en- 319 
hancement factor of β =2037.  320 

 Stability is another essential factor to be considered in determining the applicability 321 
of CNTs as field emission devices. To assess this, we tested the stability of two Cu@VAC- 322 
NTs as shown in Figure 6(d). At a low initial test current, the Cu@VACNTs showed good 323 
stability, decreasing from 0.108 mA to only about 0.079 mA which represents about 26 % 324 
current degradation from the initial test current after the 5-hour test. At a higher initial 325 
test of 1.04 mA, the Cu@VACNTs showed good stability in the first 1.5 hours with only 326 
19% degradation from the initial test current. Thereafter, the current degraded rapidly 327 
from 0.89 mA to a low of 0.264 mA, representing a total degradation of 74% from the initial 328 
test current after the 5-hour test. The significant current degradation at elevated test cur- 329 
rents is likely due to the low inter-tube spacing within the arrays. In a closely packed 330 
VACNT array, individual VACNTs shield each other from the applied electric field due 331 
to electrostatic screening [73]. This leads to a reduction in the effective emission area, as 332 
only a fraction of the VACNTs actively participate in the emission process. When this 333 
happens, the active VACNT emitters experience localized heating due to the joule heating 334 
effect impeding effective thermal dissipation. This effect becomes more pronounced at 335 
high emission currents as the resulting overheating weakens the bond between the VAC- 336 
NTs and the substrate, leading to the peeling of the VACNTs from the substrate surface 337 
[74].  338 
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  339 
Figure 7. (a-b) SEM images of the VACNTs after emission stability tests at 0.108 mA and 1.04 mA, 340 
respectively. (c-d) TEM images showing the tips of VACNTs in Figures (a-b). 341 

  342 

Figures 7(a) and (b) show the SEM images of the VACNTs after the stability tests at 343 
initial test currents of 0.108 mA and 1.04 mA, respectively. Figure 7(b) shows that more 344 
VACNTs were peeled off from the Cu substrate during the test at 1.04 mA compared to 345 
the VACNTs tested at the low current of 0.108 mA (Figure 7(a)). As discussed earlier, the 346 
observed degradation at the higher test current is most likely a result of the increased joule 347 
heating at 1.04 mA, exacerbating thermal stress within the VACNT array, and weakening 348 
the adhesion between the VACNTs and the substrate, hence the peeling. Figures 7(c) and 349 
(d) are the TEM images of samples presented in Figures 7(a) and (b), respectively, show- 350 
ing the tip geometry change after the stability test. At the tip of the VACNTs, where the 351 
electric field is concentrated, the field emission can lead to the evaporation of carbon at- 352 
oms [75]. This field-induced evaporation occurs because the strong local electric fields at 353 
the tips can overcome the cohesive energy of carbon atoms, causing them to be ejected 354 
from the tips. This process gradually reshapes the tip, leading to blunting [76]. Figure 7(d) 355 
reveals that the tip of the VACNT sample, subjected to a high-test current of 1.04 mA, not 356 
only exhibited blunting but also suffered significant damage to its structural integrity. 357 
This deterioration is attributed to the stronger local electric fields and increased Joule heat- 358 
ing associated with higher test currents, accelerating the degradation of the tips, which 359 
serve as the primary emission sites. 360 



Nanomaterials 2021, 11, x FOR PEER REVIEW 12 of 15 
 

 

 361 

4. Conclusion 362 
In this study, we have successfully synthesized Cu-filled VACNT (Cu@VACNTs) ar- 363 

rays on thin Cu foils of 0.1 mm thickness at different temperatures, via the PECVD tech- 364 
nique. Our findings highlight the significant role of substrate thickness in promoting the 365 
Cu-filling process at lower temperatures. This was evident from the complete filling of the 366 
as-synthesized VACNTs with Cu at a temperature as low as 650 oC, which contrasts with 367 
our previous studies on thicker Cu substrate where filling occurred only at temperatures 368 
ranging from 700 to 750 oC. The detailed SEM and TEM analysis revealed a consistent core 369 
structure with the encapsulated Cu nanowires showing good crystallinity, despite the oc- 370 
currence of some discontinuities and dislocations at a higher growth temperature of 760 371 
oC. The field emission measurements of the S700 Cu@VACNTs indicated favorable field 372 
emission properties, with low turn-on and threshold fields. This underscores the huge 373 
potential of Cu@VACNTs emitters in field emission applications due to the synergetic ef- 374 
fect of the sharp tips of the VACNTs and the highly conductive Cu nanowire fillers. The 375 
stability test revealed satisfactory performance at a lower emission current, though chal- 376 
lenges remain at a much higher emission current likely due to the joule heating effect 377 
caused by the low inter-tube spacing within the VACNT arrays. To fully utilize the poten- 378 
tial of these Cu@VACNTs, further work is required to control the density of the VACNTs 379 
and optimize the inter-tube spacing for reduced screening effects. 380 

 381 

Supplementary Materials: The following supporting information can be downloaded at 382 
www.mdpi.com/xxx/s1, Figure S1: Schematic illustration of the setup for field emission 383 
measurements. 384 

Author Contributions: Chinaza Nwanno: conceptualization, methodology, investigation, formal 385 
analysis,  ; writing – original draft. Arun Thapa: investigation, discussion, review & editing. John 386 
Watt: investigation, discussion, review & editing. Daniel Simkins Bendayan: investigation, discus- 387 
sion, review & editing. Wenzhi Li: conceptualization, methodology, discussion, validation, funding 388 
acquisition, supervision, review & editing. 389 

Funding: This work was supported by the National Science Foundation under grant 2213923. 390 

Data Availability Statement: The data presented in this study are not available due to privacy. 391 

Acknowledgments: The authors would also like to acknowledge and appreciate the support from 392 
the Advanced Materials Engineering Research Institute (AMERI) at Florida International Univer- 393 
sity. This work was performed, in part, at the Center for Integrated Nanotechnologies, an Office of 394 
Science User Facility operated for the U.S. Department of Energy (DOE) Office of Science. Los Ala- 395 
mos National Laboratory, an affirmative action equal opportunity employer, is managed by Triad 396 
National Security, LLC for the U.S. Department of Energy’s NNSA, under contract 397 
89233218CNA000001. This paper describes objective technical results and analysis. Any subjective 398 
views or opinions that might be expressed in the paper do not necessarily represent the views of the 399 
U.S. Department of Energy or the United States Government. 400 

Conflicts of Interest” The authors do not have any conflicts of interest to declare. 401 

 402 

References 403 
1. Berry, M.J.: Helical microtubules of graphitic carbon. Nature. 354, 737–740 (1991). https://doi.org/10.1038/354056a0 404 
2. Yakobson, B.I., Brabec, C.J., Bernholc, J.: Nanomechanics of carbon tubes: Instabilities beyond linear response. Phys. Rev. Lett. 405 

76, 2511–2514 (1996). https://doi.org/10.1103/PhysRevLett.76.2511 406 

http://www.mdpi.com/xxx/s1


Nanomaterials 2021, 11, x FOR PEER REVIEW 13 of 15 
 

 

3. Abdulhameed, A., Wahab, N.Z.A., Mohtar, M.N., Hamidon, M.N., Shafie, S., Halin, I.A.: Methods and Applications of Electrical 407 
Conductivity Enhancement of Materials Using Carbon Nanotubes. J. Electron. Mater. 50, 3207–3221 (2021). 408 
https://doi.org/10.1007/s11664-021-08928-2 409 

4. Han, Z., Fina, A.: Thermal conductivity of carbon nanotubes and their polymer nanocomposites: A review. Prog. Polym. Sci. 410 
36, 914–944 (2011). https://doi.org/10.1016/j.progpolymsci.2010.11.004 411 

5. Inam, F., Yan, H., Reece, M.J., Peijs, T.: Structural and chemical stability of multiwall carbon nanotubes in sintered ceramic 412 
nanocomposite. Adv. Appl. Ceram. 109, 240–245 (2010). https://doi.org/10.1179/174367509X12595778633336 413 

6. Lim, S.C., Jeong, H.J., Kim, K.S., Lee, I.B., Bae, D.J., Lee, Y.H.: Extracting independently the work function and field enhancement 414 
factor from thermal-field emission of multi-walled carbon nanotube tips. Carbon N. Y. 43, 2801–2807 (2005). 415 
https://doi.org/10.1016/j.carbon.2005.05.033 416 

7. Okwundu, O.S., Aniekwe, E.U., Nwanno, C.E.: Unlimited potentials of carbon: different structures and uses (a Review). Metall. 417 
Mater. Eng. 24, 145–171 (2018). https://doi.org/10.30544/388 418 

8. Chimowa, G., Tshabalala, Z.P., Akande, A.A., Bepete, G., Mwakikunga, B., Ray, S.S., Benecha, E.M.: Improving methane gas 419 
sensing properties of multi-walled carbon nanotubes by vanadium oxide filling. Sensors Actuators, B Chem. 247, 11–18 (2017). 420 
https://doi.org/10.1016/j.snb.2017.02.167 421 

9. Tyagi, P.K., Singh, M.K., Misra, A., Palnitkar, U., Misra, D.S., Titus, E., Ali, N., Cabral, G., Gracio, J., Roy, M., Kulshreshtha, S.K.: 422 
Preparation of Ni-filled carbon nanotubes for key potential applications in nanotechnology. Thin Solid Films. 469–470, 127–130 423 
(2004). https://doi.org/10.1016/j.tsf.2004.08.070 424 

10. Dorozhkin, P.S., Tovstonog, S.V., Golberg, D., Zhan, J., Ishikawa, Y., Shiozawa, M., Nakanishi, H., Nakata, K., Bando, Y.: A 425 
liquid-Ga-filled carbon nanotube: A miniaturized temperature sensor and electrical switch. Small. 1, 1088–1093 (2005). 426 
https://doi.org/10.1002/smll.200500154 427 

11. Gao, Y., Bando, Y., Liu, Z., Golberg, D., Nakanishi, H.: Temperature measurement using a gallium-filled carbon nanotube nan- 428 
othermometer. Appl. Phys. Lett. 83, 2913–2915 (2003). https://doi.org/10.1063/1.1616201 429 

12. Nwanno, C.E., Li, W.: Aligned carbon nanotubes for lithium-ion batteries: A review. Nano Res. (2023). 430 
https://doi.org/10.1007/s12274-023-6006-2 431 

13. Kiamahalleh, M., Najafpour, G., Sata, S., Buniran, S., Zein, S.: Multiwalled Carbon Nanotubes Filled with Transition Metal 432 
Oxides as Supercapacitor Materials. Carbon N. Y. 2, 3 (2010) 433 

14. Ugarte, D., Stöckli, T., Bonard, J.M., Châtelain, A., De Heer, W.A.: Filling carbon nanotubes. Appl. Phys. A Mater. Sci. Process. 434 
67, 101–105 (1998). https://doi.org/10.1007/s003390050744 435 

15. Zhang, X.X., Wen, G.H., Huang, S., Dai, L., Gao, R., Wang, Z.L.: Magnetic properties of Fe nanoparticles trapped at the tips of 436 
the aligned carbon nanotubes. J. Magn. Magn. Mater. 231, 9–12 (2001). https://doi.org/10.1016/s0304-8853(01)00134-2 437 

16. Gautam, U.K., Costa, P.M.F.J., Bando, Y., Fang, X., Li, L., Imura, M., Golberg, D.: Recent developments in inorganically filled 438 
carbon nanotubes: Successes and challenges. Sci. Technol. Adv. Mater. 11, (2010). https://doi.org/10.1088/1468-6996/11/5/054501 439 

17. Leonhardt, A., Ritschel, M., Kozhuharova, R., Graff, A., Mühl, T., Huhle, R., Mönch, I., Elefant, D., Schneider, C.M.: Synthesis 440 
and properties of filled carbon nanotubes. Diam. Relat. Mater. 12, 790–793 (2003). https://doi.org/10.1016/S0925-9635(02)00325- 441 
4 442 

18. Baro, M., Pal, A.R.: One-step grown multi-walled carbon nanotubes with Ni filling and decoration. J. Phys. D. Appl. Phys. 48, 443 
(2015). https://doi.org/10.1088/0022-3727/48/22/225303 444 

19. Thapa, A., Wang, X., Li, W.: Synthesis and field emission properties of Cu-filled vertically aligned carbon nanotubes. Appl. 445 
Surf. Sci. 537, 148086 (2021). https://doi.org/10.1016/j.apsusc.2020.148086 446 

20. Jin, C., Wu, Q., Yang, G., Zhang, H., Zhong, Y.: Investigation on hybrid nanofluids based on carbon nanotubes filled with metal 447 
nanoparticles: Stability, thermal conductivity, and viscosity. Powder Technol. 389, 1–10 (2021). https://doi.org/10.1016/j.pow- 448 
tec.2021.05.007 449 

21. Liu, Z., Han, B.: Synthesis of carbon-nanotube composites using supercritical fluids and their potential applications. Adv. Mater. 450 
21, 825–829 (2009). https://doi.org/10.1002/adma.200800609 451 

22. Wang, P., Huang, B., Wei, J., Qin, X., Yao, S., Zhang, Q.: Preparation of Cu nanoparticles on carbon nanotubes by solution 452 
infusion method and calcining in ambient atmosphere. Mater. Lett. 61, 5255–5257 (2007). https://doi.org/10.1016/j.mat- 453 
let.2007.04.041 454 

23. Ye, X.R., Lin, Y., Wang, C., Wai, C.M.: Supercritical fluid fabrication of metal nanowires and nanorods templated by multiwalled 455 
carbon nanotubes. Adv. Mater. 15, 316–319 (2003). https://doi.org/10.1002/adma.200390077 456 

24. Arai, S.: Fabrication of Metal/Carbon Nanotube Composites by Electrochemical Deposition. Electrochem. 2, 563–589 (2021). 457 
https://doi.org/10.3390/electrochem2040036 458 

25. Setlur, A.A., Lauerhaas, J.M., Dai, J.Y., Chang, R.P.H.: A method for synthesizing large quantities of carbon nanotubes and 459 
encapsulated copper nanowires. Appl. Phys. Lett. 69, 345–347 (1996). https://doi.org/10.1063/1.118055 460 

26. Zhang, G.Y., Wang, E.G.: Cu-filled carbon nanotubes by simultaneous plasma-assisted copper incorporation. Appl. Phys. Lett. 461 
82, 1926–1928 (2003). https://doi.org/10.1063/1.1562341 462 

27. Poudel, Y.R., Li, W.: Synthesis, properties, and applications of carbon nanotubes filled with foreign materials: a review. Mater. 463 
Today Phys. 7, 7–34 (2018). https://doi.org/10.1016/j.mtphys.2018.10.002 464 

28. Fu, Q., Weinberg, G., Su, D.S.: Selective filling of carbon nanotubes with metals by selective washing. Xinxing Tan Cailiao/ New 465 
Carbon Mater. 23, 17–20 (2008). https://doi.org/10.1016/s1872-5805(08)60008-6 466 



Nanomaterials 2021, 11, x FOR PEER REVIEW 14 of 15 
 

 

29. Demoncy, N., Stéphan, O., Brun, N., Colliex, C., Loiseau, A., Pascard, H.: Filling carbon nanotubes with metals by the arc- 467 
discharge method: The key role of sulfur. Eur. Phys. J. B. 4, 147–157 (1998). https://doi.org/10.1007/s100510050363 468 

30. Hsin, Y.L., Hwang, K.C., Chen, F.R., Kai, J.J.: Production and in-situ metal filling of carbon nanotubes in water. Adv. Mater. 13, 469 
830–833 (2001). https://doi.org/10.1002/1521-4095(200106)13:11<830::AID-ADMA830>3.0.CO;2-4 470 

31. Ajayan, P.M., Stephan, O., Redlich, P., Colliex, C.: Carbon nanotubes as removable templates for metal oxide nanocomposites 471 
and nanostructures. Nature. 375, 564–567 (1995). https://doi.org/10.1038/375564a0 472 

32. Liu, X., Marangon, I., Melinte, G., Wilhelm, C., Ménard-Moyon, C., Pichon, B.P., Ersen, O., Aubertin, K., Baaziz, W., Pham-Huu, 473 
C., Bégin-Colin, S., Bianco, A., Gazeau, F., Bégin, D.: Design of covalently functionalized carbon nanotubes filled with metal 474 
oxide nanoparticles for imaging, therapy, and magnetic manipulation. ACS Nano. 8, 11290–11304 (2014). 475 
https://doi.org/10.1021/nn5040923 476 

33. S. C. Tsang, Y.K. Chen, P.J.F.H.& M.L.H.G.: A simple chemical method of opening and filling carbon nanotubes. Nature. 372, 477 
159–162 (1994). https://doi.org/10.1038/372159a0 478 

34. Takenobu, T., Takano, T., Shiraishi, M., Murakami, Y., Ata, M., Kataura, H., Achiba, Y., Iwasa, Y.: Stable and controlled ampho- 479 
teric doping by encapsulation of organic molecules inside carbon nanotubes. Nat. Mater. 2, 683–688 (2003). 480 
https://doi.org/10.1038/nmat976 481 

35. Lu, J., Nagase, S., Yu, D., Ye, H., Han, R., Gao, Z., Zhang, S., Peng, L.: Amphoteric and controllable doping of carbon nanotubes 482 
by encapsulation of organic and organometallic molecules. Phys. Rev. Lett. 93, 9–12 (2004). 483 
https://doi.org/10.1103/PhysRevLett.93.116804 484 

36. Li, L.J., Khlobystov, A.N., Wiltshire, J.G., Briggs, G.A.D., Nicholas, R.J.: Diameter-selective encapsulation of metallocenes in 485 
single-walled carbon nanotubes. Nat. Mater. 4, 481–485 (2005). https://doi.org/10.1038/nmat1396 486 

37. Yanagi, K., Miyata, Y., Kataura, H.: Highly stabilized β-carotene in carbon nanotubes. Adv. Mater. 18, 437–441 (2006). 487 
https://doi.org/10.1002/adma.200501839 488 

38. Tschirner, N., Brose, K., Maultzsch, J., Yanagi, K., Kataura, H., Thomsen, C.: The influence of incorporated β-carotene on the 489 
vibrational properties of single wall carbon nanotubes. Phys. Status Solidi Basic Res. 247, 2734–2737 (2010). 490 
https://doi.org/10.1002/pssb.201000341 491 

39. Yanagi, K., Iakoubovskii, K., Kazaoui, S., Minami, N., Maniwa, Y., Miyata, Y., Kataura, H.: Light-harvesting function of β - 492 
carotene inside carbon nanotubes. Phys. Rev. B - Condens. Matter Mater. Phys. 74, 1–5 (2006). 493 
https://doi.org/10.1103/PhysRevB.74.155420 494 

40. Caillier, C., Machon, D., San-Miguel, A., Arenal, R., Montagnac, G., Cardon, H., Kalbac, M., Zukalova, M., Kavan, L.: Probing 495 
high-pressure properties of single-wall carbon nanotubes through fullerene encapsulation. Phys. Rev. B - Condens. Matter Ma- 496 
ter. Phys. 77, 1–9 (2008). https://doi.org/10.1103/PhysRevB.77.125418 497 

41. Simon, F., Peterlik, H., Pfeiffer, R., Bernardi, J., Kuzmany, H.: Fullerene release from the inside of carbon nanotubes: A possible 498 
route toward drug delivery. Chem. Phys. Lett. 445, 288–292 (2007). https://doi.org/10.1016/j.cplett.2007.08.014 499 

42. Smith, B.W., Monthioux, M., Luzzi, D.E.: Carbon nanotube encapsulated fullerenes: A unique class of hybrid materials. Chem. 500 
Phys. Lett. 315, 31–36 (1999). https://doi.org/10.1016/S0009-2614(99)00896-9 501 

43. Byong M. Kim, Shizhi Qian,  andQian, and H.H.B.: Filling carbon nanotubes with magnetic particles. Nano Lett. 5, 873–878 502 
(2005). https://doi.org/10.1021/nl050278v 503 

44. Wei, X., Tao, J., Hu, Y., Liu, Y., Bao, R., Li, F., Fang, D., Li, C., Yi, J.: Enhancement of mechanical properties and conductivity in 504 
carbon nanotubes (CNTs)/Cu matrix composite by surface and intratube decoration of CNTs. Mater. Sci. Eng. A. 816, 141248 505 
(2021). https://doi.org/10.1016/j.msea.2021.141248 506 

45. Golberg, D., Costa, P.M.F.J., Mitome, M., Hampel, S., Haase, D., Mueller, C., Leonhardt, A., Bando, Y.: Copper-filled carbon 507 
nanotubes: Rheostatlike behavior and Femtogram copper mass transport. Adv. Mater. 19, 1937–1942 (2007). 508 
https://doi.org/10.1002/adma.200700126 509 

46. Sun, Y., Onwona-Agyeman, B., Miyasato, T.: Controlling the resistivity of multi-walled carbon nanotube networks by copper 510 
encapsulation. Mater. Lett. 65, 3187–3190 (2011). https://doi.org/10.1016/j.matlet.2011.06.113 511 

47. Kruszka, B., Terzyk, A.P., Wis̈niewski, M., Gauden, P.A., Szybowicz, M.: Synthesis of carbon nanotubes and nanotube forests 512 
on copper catalyst. Mater. Res. Express. 1, (2014). https://doi.org/10.1088/2053-1591/1/3/035040 513 

48. Chen, G., Neupane, S., Li, W.Z.: Electron field emission properties of vertically aligned carbon nanotube point emitters. Diam. 514 
Relat. Mater. 25, 134–138 (2012). https://doi.org/10.1016/j.diamond.2012.03.002 515 

49. Atthipalli, G., Epur, R., Kumta, P.N., Yang, M., Lee, J.K., Gray, J.L.: Nickel catalyst-assisted vertical growth of dense carbon 516 
nanotube forests on bulk copper. J. Phys. Chem. C. 115, 3534–3538 (2011). https://doi.org/10.1021/jp108624n 517 

50. Yin, X., Wang, Q., Lou, C., Zhang, X., Lei, W.: Growth of multi-walled CNTs emitters on an oxygen-free copper substrate by 518 
chemical-vapor deposition. Appl. Surf. Sci. 254, 6633–6636 (2008). https://doi.org/10.1016/j.apsusc.2008.04.040 519 

51. Rao, L., Reddy, N.K., Coulombe, S., Meunier, J.L., Munz, R.J.: Carbon nanotubes as nanoparticles collector. J. Nanoparticle Res. 520 
9, 689–695 (2007). https://doi.org/10.1007/s11051-006-9175-5 521 

52. Sepahvand, S., Safaei, P., Sanaee, Z.: Growth of Carbon Nano Tubes on Copper Substrate Suitable for Lithium Ion BatteryLith- 522 
ium-Ion Battery Anode. Procedia Mater. Sci. 11, 634–638 (2015). https://doi.org/10.1016/j.mspro.2015.11.100 523 

53. Katar, S.L., González-Berríos, A., De Jesus, J., Weiner, B., Morell, G.: Direct deposition of bamboo-like carbon nanotubes on 524 
copper substrates by sulfur-assisted HFCVD. J. Nanomater. 2008, (2008). https://doi.org/10.1155/2008/515890 525 



Nanomaterials 2021, 11, x FOR PEER REVIEW 15 of 15 
 

 

54. Zhu, J., Jia, J., Kwong, F.L., Ng, D.H.L.: Synthesis of bamboo-like carbon nanotubes on a copper foil by catalytic chemical vapor 526 
deposition from ethanol. Carbon N. Y. 50, 2504–2512 (2012). https://doi.org/10.1016/j.carbon.2012.01.073 527 

55. Thapa, A., Neupane, S., Guo, R., Jungjohann, K.L., Pete, D., Li, W.: Direct growth of vertically aligned carbon nanotubes on 528 
stainless steel by plasma enhanced chemical vapor deposition. Diam. Relat. Mater. 90, 144–153 (2018). 529 
https://doi.org/10.1016/j.diamond.2018.10.012 530 

56. Neupane, S., Lastres, M., Chiarella, M., Li, W., Su, Q., Du, G.: Synthesis and field emission properties of vertically aligned carbon 531 
nanotube arrays on copper. Carbon N. Y. 50, 2641–2650 (2012). https://doi.org/10.1016/j.carbon.2012.02.024 532 

57. Tao, X.Y., Zhang, X.B., Cheng, J.P., Liu, F.: Synthesis and characterization of Cu filled carbon nanohorns. Mater. Chem. Phys. 533 
104, 210–214 (2007). https://doi.org/10.1016/j.matchemphys.2007.03.011 534 

58. Sun, C.Q.: Dominance of broken bonds and nonbonding electrons at the nanoscale? Nanoscale. 2, 1930–1961 (2010). 535 
https://doi.org/10.1039/c0nr00245c 536 

59. Huang, P.H., Kuo, J.K.: Thermal stretching of defective nanowires: The coupled effects of vacancy cluster defects, operating 537 
temperature, and wire cross-sectional area. Appl. Phys. A Mater. Sci. Process. 103, 1083–1092 (2011). 538 
https://doi.org/10.1007/s00339-010-6044-y 539 

60. Lin, C., Lee, C., Chin, T., Xiang, R., Ishikawa, K., Shiomi, J., Maruyama, S.: Anisotropic electrical conduction of vertically-aligned 540 
single-walled carbon nanotube films. Carbon N. Y. 49, 1446–1452 (2010). https://doi.org/10.1016/j.carbon.2010.12.014 541 

61. Liu, J., Zhang, Y., Zhang, L., Xie, F., Vasileff, A., Qiao, S.Z.: Graphitic Carbon Nitride (g-C3N4)-Derived N-Rich Graphene with 542 
Tuneable Interlayer Distance as a High-Rate Anode for Sodium-Ion Batteries. Adv. Mater. 31, 1–10 (2019). 543 
https://doi.org/10.1002/adma.201901261 544 

62. Wang, G., Zhang, Y., Zhu, L., Ma, Y., Zhang, S., Huang, Z., Cao, Z., Meng, X.: Theoretical and experimental studies of nucleation 545 
and interface structure between carbon nanotubes and metals. J. Mater. Sci. 58, 1086–1098 (2023). https://doi.org/10.1007/s10853- 546 
022-08080-0 547 

63. Jardón-Maximino, N., Pérez-Alvarez, M., Sierra-Ávila, R., Ávila-Orta, C.A., Jiménez-Regalado, E., Bello, A.M., González-Moro- 548 
nes, P., Cadenas-Pliego, G.: Oxidation of copper nanoparticles protected with different coatings and stored under ambient con- 549 
ditions. J. Nanomater. 2018, (2018). https://doi.org/10.1155/2018/9512768 550 

64. Zhao, Y., Zhang, Y., Li, Y., Yan, Z.: A flexible chemical vapor deposition method to synthesize copper@carbon core-shell struc- 551 
tured nanowires and the study of their structural electrical properties. New J. Chem. 36, 1161–1169 (2012). 552 
https://doi.org/10.1039/c2nj21026f 553 

65. Zhang, Q., Qian, W.Z., Yu, H., Wei, F., Wen, Q.: Synthesis of carbon nanotubes with totally hollow channels and/or with totally 554 
copper filled nanowires. Appl. Phys. A Mater. Sci. Process. 86, 265–269 (2007). https://doi.org/10.1007/s00339-006-3770-2 555 

66. Awan, T.I., Bashir, A., Tehseen, A., Bibi, S.: Electrons in nanostructures. INC (2020) 556 
67. Huo, C., Liang, F., Sun, A.B.: Review on development of carbon nanotube field emission cathode for space propulsion systems. 557 

High Volt. 5, 409–415 (2020). https://doi.org/10.1049/hve.2019.0257 558 
68. Gadzuk, J.W., Plummer, E.W.: Field emission energy distribution (FEED). Rev. Mod. Phys. 45, 487–548 (1973). 559 

https://doi.org/10.1103/RevModPhys.45.487 560 
69. Zhong, D.Y., Zhang, G.Y., Liu, S., Sakurai, T., Wang, E.G.: Universal field-emission model for carbon nanotubes on a metal tip. 561 

Appl. Phys. Lett. 80, 506–508 (2002). https://doi.org/10.1063/1.1430507 562 
70. Semet, V., Binh, V.T., Vincent, P., Guillot, D., Teo, K.B.K., Chhowalla, M., Amaratunga, G.A.J., Milne, W.I., Legagneux, P., Pribat, 563 

D.: Field electron emission from individual carbon nanotubes of a vertically aligned array. Appl. Phys. Lett. 81, 343–345 (2002). 564 
https://doi.org/10.1063/1.1489084 565 

71. Parveen, S., Kumar, A., Husain, S., Husain, M.: Fowler Nordheim theory of carbon nanotube nanotube-based field emitters. 566 
Phys. B Condens. Matter. 505, 1–8 (2017). https://doi.org/10.1016/j.physb.2016.10.031 567 

72. Pandey, A., Prasad, A., Moscatello, J.P., Yap, Y.K.: Stable electron field emission from PMMA-CNT matrices. ACS Nano. 4, 568 
6760–6766 (2010). https://doi.org/10.1021/nn100925g 569 

73. Nilsson, L., Groening, O., Emmenegger, C., Kuettel, O., Schaller, E., Schlapbach, L., Kind, H., Bonard, J.M., Kern, K.: Scanning 570 
field emission from patterned carbon nanotube films. Appl. Phys. Lett. 76, 2071–2073 (2000). https://doi.org/10.1063/1.126258 571 

74. Huang, B.R., Lin, T.C., Yang, Y.K., Tzeng, S. Der: The stability of the CNT/Ni field emission cathode fabricated by the composite 572 
plating method. Diam. Relat. Mater. 19, 158–161 (2010). https://doi.org/10.1016/j.diamond.2009.10.012 573 

75. Bonard, J.M., Klinke, C., Dean, K.A., Coll, B.F.: Degradation and failure of carbon nanotube field emitters. Phys. Rev. B - Con- 574 
dens. Matter Mater. Phys. 67, 10 (2003). https://doi.org/10.1103/PhysRevB.67.115406 575 

76. Dean, K.A., Burgin, T.P., Chalamala, B.R.: Evaporation of carbon nanotubes during electron field emission. Appl. Phys. Lett. 79, 576 
1873–1875 (2001). https://doi.org/10.1063/1.1402157 577 


	Introduction
	2. Experimental Section
	1.1. Cu@VACNTs synthesis
	2.2. Material Characterization
	2.3. FE Measurement

	3. Results and Discussion
	3.1. VACNT structure
	3.2. Field emission (FE) measurements
	3.2.1. Field emission theory
	3.2.2. Field Emission results


	4. Conclusion
	References

