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composites†

Antoine Duhain, *ab Guillaume Lamblina and Damien Lenoblea

Cu–CNT composites are promising candidates to overcome the maximum current capacity limitation of

most conductive materials. Yet, the ampacity gains reported in the literature are controversial, and the

key to efficient Cu–CNT composites is not established. In this regard, the choice of the right type of

CNT is instrumental. The use of Ni as interface is being increasingly investigated to enhance the electron

transfer between Cu and the CNT. Here, Cu–CNT and Ni–CNT composites integrating MWCNT (ø ¼
80–90 nm – L ¼ 800 mm) are investigated. This work presents a novel electroplating method to

fabricate Cu/Ni–CNT composites with high degree of metal filling and high CNT vol% (�42–43%). The

resistivities of the Cu–CNT and Ni–CNT composites are 4.32 � 10�6 and 4.44 � 10�5 U cm,

respectively. The annealing of the Cu–CNT composite is detrimental to its resistivity while it is beneficial

for the Ni–CNT composite. The TCR of the composites suggests that the CNT–metal electron transfer is

promoted by Ni. The metal–CNT composites display lower ampacities than pure metals. The importance

of controlling the experimental parameters and the system architecture is instrumental to investigating

the figure of merit of high ampacity materials. A lack of standardized experimental procedures may lead

to biased conclusions as reported today in the literature.
1 Introduction

Due to its very low resistivity (1.68 � 10�8 U m),1 copper is
commonly considered the best, and a rather abundant,
conductive material. Copper is increasingly limited by its
current carrying capacity (ampacity) in strongly miniaturized
electronic devices that require higher current density.2

Furthermore, the specic mass of copper (8.96 g cm�3)3

becomes signicant in several applications where the overall
mass has to be minimized (e.g. lightning strike protection in
aircra).4 Since the electrical conductivity in carbon nanotubes
(CNT) can be as high as in copper, with a low specic mass (�
1.74 g cm�3),5 high ampacity, and low temperature coefficient of
resistance (TCR),6–9 the fabrication of Cu–CNT composites with
these features is now a thriving topic. In 2013, Subramaniam
et al.10 reported a Cu–CNT composite with an ampacity one
hundred times higher than pure copper. In addition, they re-
ported a conductivity similar to copper at room temperature
and a very low TCR (7.5 � 10�4 K�1) compared to pure copper
(3.9 � 10�3 K�1).11 Nevertheless, it remains unclear today how
ent, Luxembourg Institute of Science and

4422 Belvaux, Luxembourg. E-mail:

Luxembourg

tion (ESI) available. See DOI:

the Royal Society of Chemistry
such an efficient material can be produced as the results re-
ported in recent papers are controversial (Table 1), ranging from
smaller ampacity gains (at most 82%)12 to ampacity loss.13

Similarly, the reported resistivity ranges from 1.65 � 10�8 to 5.1
� 10�5 U m14,15 and the reported TCR from 1.7 � 10�3 K�1 to
values similar to pure copper.14,16 The strong divergence of these
results highlights the need for further investigation to identify
the key features to obtaining efficient Cu–CNT composites.
Indeed, numerous parameters are expected to impact the
composites' electrical properties, including CNT type, orienta-
tion, volume percentage, degree of metal lling, homogeneity of
the composite and features of the CNT–metal interface.10,16–20

Long and large multi-walled CNT (MWCNT) were reported to be
potentially highly conductive (similar to copper) with ballistic
transport onmacroscopic distances ($25 mm).6,7,9 Hence, in this
paper, we propose to investigate a Cu–NT composite comprising
long and large MWCNT (L¼ 800 mm – ø¼ 80–90 nm). Following
our precedent experiments proposing Cu-doped polydopamine
to interface efficiently Cu and CNT,21 we present a novel method
for fabricating Cu–CNT composites with high CNT vol% (i.e.
$42%) by electroplating in aqueous solution. Furthermore, we
used this method to fabricate and characterize an Ni–CNT
composite. Indeed, increasing attention is given to the use of
a second metal to tune the interface between CNT and
copper.19,20,22 Milowska et al.20 reported that the electrical
contact of CNT using Ni instead of Cu could be improved,
leading to the efficient injection of electrons into the CNT.
RSC Adv., 2021, 11, 40159–40172 | 40159
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Table 1 Recent results obtained in the literature. For each paper, the ampacity value of pure copper is also given where measured (composite
ampacity gain in comparison to pure copper given in %). ** Study over several line lengths, ampacity taken for 17 mm

CNT type CNT vol% CNT alignment Ampacity (A cm�2) Resistivity (U m) TCR (K�1) Reference

MWCNT N/A Not aligned 1.54 � 104 2.44 � 10�8 N/A Chen et al.24

Cu: 9.38 � 103

MWCNT 20 Not aligned N/A � 3.83 � 10�8 N/A Daoush et al.25

MWCNT N/A Aligned N/A 5.1 � 10�5 N/A Feng et al.15

MWCNT N/A Aligned N/A 2.45 � 10�7 N/A Xu et al.26

MWCNT 1 Aligned 1.16 � 104 (32%) 2.13 � 10�8 <Cu Shuai et al.27

Cu: 8.84 � 103

SWCNT 0–10 Not aligned N/A 1.65 � 10�8 z Cu Yang et al.14

SWCNT 45 Aligned 6 � 108 2.12 � 10�8 7.5 � 10�4 Subramaniam et al.10,28

Cu: 106

MWCNT 45 Aligned 6.3 � 104 (28%) 1.6 � 10�7 1.7 � 10�3 Sundaram et al.16,17

Cu: 4.9 � 104

N/A 20–50 Aligned N/A 4.19 � 10�7 2.1 � 10�3 Sun et al.29

MWCNT 40 Partially aligned 2.74 � 105 (�82%)** 1.82 � 10�8 N/A Bazbouz et al.12

Cu: �1.5 � 105
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MWCNT connected electrically by side contacts are expected to
transport electrons mainly through a small number of outer
walls.23 Yet, it is primordial to promote conduction through all
MWCNT walls to benet from the high MWCNT conductivity.6

Due to the carbon solubility in nickel, Milwoska et al. also
showed the possibility of connecting the inner shells of
MWNCT using optimized annealing of Ni–NT systems.20 In this
work, we thus investigate the effect that annealing Ni–CNT and
Cu–CNT composites has on their electrical properties.
Fig. 1 Schematic of the metal–CNT composite fabrication (e.g. for a Cu–
to fabricate high CNT vol% composites is shown. In the inset, F represents
membrane is 10 mm.

40160 | RSC Adv., 2021, 11, 40159–40172
2 Materials and methods

The fabrication of Cu–CNT composite with high CNT vol% (i.e.
40–50%) fabrication remains challenging and is commonly
obtained by electroplating in an organic solvent based solu-
tion.10,17 Here, we use an innovative method to produce Ni–CNT
and Cu–CNT composites with a high CNT vol% and a contin-
uous metal matrix using only aqueous solutions.

Nitric acid (65%), dopamine hydrochloride, boric acid,
nickel sulphamate tetrahydrate, nickel sulphate hexahydrate,
CNT composite). The compression system used during electroplating
the force applied by the rigid grid, the diameter of the pores in the PTFE

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sodium hydroxide, polyethylene glycol (PEG), and hydrophilic
PTFE membranes (Omnipore – 10 mm pore size) were bought
from Sigma-Aldrich. Hydrochloric acid (37%, AnalaR NORMA-
PUR) and tissues were bought from VWR. Bis-(sodium
sulfopropyl)-disulde (SPS) was bought from Fluorochem.
Tris(hydroxymethyl)aminomethane was bought from Euro-
medex. Commercial MWCNT (average length 800 mm, average
diameter 80–90 nm, grown from Fe catalyst) were bought from
NanoTechLabs, Inc. (NTL). Reference copper foils were
provided by Circuit Foil Luxembourg Sarl.
2.1 CNT treatment

2.1.1 CNT oxidization. The MWCNT treatment was
inspired by the protocol used in our preceding work.21 CNT (300
mg) were oxidized in a sonication bath in 150 mL of nitric acid
(52%) for 30 min (at room temperature). They were then l-
trated and rinsed with DI water using a vacuum ltration
system.

2.1.2 Metal-doped polydopamine coating on CNT. CNT are
coated with Cu doped polydopamine (CNT@PdaCu) by stirring
oxidized CNT (100 mg) for 30 min in a solution (625 mL)
composed of dopamine hydrochloride (0.065 mM) and CuSO4-
$5H2O (0.3 mM). Then, Tris–HCl (375 mL, 10 mM) was added to
the solution to trigger the polymerization of the dopamine. The
solution was le under stirring for 24 hours and NaOH (12.5
mL) was added to the solution. The CNT were ltrated, rinsed
with EtOH, and dispersed in EtOH (100 mL). CNT coated with
Ni doped polydopamine (CNT@PdaNi) were obtained by
replacing the CuSO4$5H2O by NiSO4 (0.3 mM) in the previous
protocol.

2.1.3 CNT carpet fabrication. CNT carpets were obtained
directly by ltrating the CNT solution with a vacuum ltration
apparatus, and the ltrated CNT layer was peeled from the
membrane (ø ¼ 3.9 cm). Oxidized CNT layers were more brittle
than CNT@PdaCu and CNT@PdaNi layers. In order to facilitate
their peeling and handling, 10 mL of oxidized CNT solution was
ltrated for each CNT layer instead of 5 mL for the CNT@PdaCu
Table 2 Summary of the characterized samples

Sheet resistance

Oxidized CNT carpet 3

CNT@PdaCu carpet 3

CNT@PdaNi carpet 3

Compressed oxidized CNT carpet 3

Compressed CNT@PdaCu carpet 3

Compressed CNT@PdaNi carpet 3

Cu–CNT composite 3

Annealed at 673 K 3

Annealed at 873 K 3

Annealed at 1073 K 3

Ni–CNT composite 3

Annealed at 673 K 3

Annealed at 873 K 3

Annealed at 1073 K 3

Annealed at 1173 K 3

© 2021 The Author(s). Published by the Royal Society of Chemistry
and CNT@PdaNi layers. The peeled CNTs were dried at 353 K
for 2 min to evaporate the remaining ethanol.
2.2 Metal–CNT composites and pure metal sample
fabrication

2.2.1 Cu–CNT composite sample fabrication. Photo-resist
was spin-coated onto a standard silicon substrate and then
covered by a thin layer of copper by sputtering (thicknessz 400
nm). As shown in Fig. 1, CNT layers were compressed using
a hydraulic press (500 kg cm�2 for 5 min), placed on the
substrate, and successively clamped in a compression system.
The system was then immersed in an electroplating solution
composed of CuSO4$5H2O (0.63 M), H2SO4 (0.1 M), HCl (50
ppm), polyethylene glycol (100 ppm), and bis-(sodium
sulfopropyl)-disulde (15 ppm). Electroplating was done at
room temperature using current pulses of 35 mA cm�2 (ON –

0.02 s) and 0 mA cm�2 (OFF – 0.1 s) until the CNT layer was
completely lled by Cu. The composite foil was separated from
the substrate by dissolution of the resist in acetone. The PTFE
membrane (Fig. 1) was slightly attached to the composite
surface and was removed by peeling followed by gentle
mechanical polishing. The composite sample was then cut into
separate pieces for further characterization.

2.2.2 Ni–CNT composite and pure Ni sample fabrication.
Ni–CNT composite was obtained following a protocol similar to
the one of Cu–CNT composite. In this case, a Ni thin layer was
sputtered instead of Cu and a compressed layer of CNT@PdaNi
was used. The electroplating solution was composed of Ni sul-
phamate tetrahydrate (400 g L�1) and boric acid (30 g L�1). The
plating was done at 323 K using current pulses of 35 mA cm�2

(ON – 0.02 s) and 0 mA cm�2 (OFF – 0.1 s) until the CNT layer
was lled by Ni. The Ni–CNT composite foil was then recovered,
polished and cut into pieces using the method detailed above. A
pure Ni sample was fabricated by plating Ni on a substrate of
silicon covered by Ni using the same plating solution and
current pulses.

2.2.3 Annealing of composite samples. A Carbolite Gero
CWF furnace upgraded with an internal retort was used to
TCR SEM Ampacity EDX

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3

3 3 3
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anneal samples of Cu–CNT and Ni–CNT composites at 673, 873,
1073 and 1173 K under argon. The heating rate was xed at 5
K min�1 and the target temperature was maintained for 30 min
(but only 15 min at 1173 K). The furnace was then le to cool
down overnight until room temperature was reached.
Fig. 2 Setup used for ampacity measurements. The sample line is
mounted on a support allowing to control the distance between the
two electrodes (left). This support is inserted in a pressure controlled
chamber (right).
2.3 Physical characterization

Table 2 summarizes the physical characterization that was done
on the samples. The sheet resistance and the TCR were
measured on the CNT layers used to fabricate the composites.
Oxidized CNT (non-coated), CNT@PdaCu, and CNT@PdaNi
layers are compared to assess the effect of the coating on the
CNT electrical properties. The effect of the compression of the
carpet at 500 kg cm�2 is also veried. One Cu–CNT composite
sample and one Ni–CNT composite sample were cut into pieces
to perform the annealing at different temperatures and to do
the electrical measurements (sheet resistance, TCR, and
ampacity). The morphology of each sample was characterized
using SEM. EDX was performed on CNT carpet to highlight the
presence of Cu and Ni in the CNT@PdaCu and CNT@PdaNi
carpets, respectively.

2.3.1 Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX). SEM and EDX were carried
with an FEI Helios NanoLab™ 650 instrument. Sample cross-
sections were observed using a 10 kV acceleration voltage in
order to evaluate the degree of metal lling in the composite
layers. Furthermore, all composite lines used for ampacity
characterization were individually measured to determine their
thickness accurately. CNT layers were also observed before and
aer compression. EDX was used to conrm the presence of
copper and nickel in the CNT@PdaCu and CNT@PdaNi carpet
samples.

2.3.2 Composite CNT volume percentage and specic mass
characterization. The volume percentage of CNT (CNT vol%) of
the composite was measured before the annealing of the
samples using

vol% ¼
tc �

��
Mc �Mcnt

A

��
gmetal

�

tc
(1)

where tc is the thickness of the composite, Mcnt is the mass of
the CNT carpet,Mc is the mass of the composite, A is the area of
the sample, and gmetal is the specic mass of Cu (8.96 g cm�3)
and Ni (8.9 g cm�3).3 The CNT vol% was also determined for
each sample used in the resistivity measurements. The average
thickness of each sample was obtained from 15 measurements
made with a micrometer. The CNT vol% and specic mass
errors originate from the thickness variation.

2.3.3 Sheet resistance and TCR measurement on CNT layer
samples. A four-probe measurement (1 mm space between
probes) was used to obtain the sheet resistance and TCR of the
oxidized CNT, CNT@PdaCu, and CNT@PdaNi carpets before
and aer compression. The TCR of the CNT carpets was ob-
tained bymeasuring the sheet resistance between 298 and 443 K
(using a temperature-controlled support and a Keithley 2634 B
source-meter). The TCR and sheet resistance measurements
40162 | RSC Adv., 2021, 11, 40159–40172
were taken each time on three carpets of each type. The TCR was
calculated from

R ¼ R0(1 + a(T � T0)) (2)

where R0 is the sheet resistance at room temperature and a is
the TCR.

2.3.4 Resistivity and TCR measurement on CNT–metal
composite samples. The resistance was measured between 298
and 443 K on 0.5 � 0.5 cm2 samples using the van der Pauw
method. The samples were immersed in a temperature-
controlled dielectric oil bath (Wacker AK 100 silicone oil –

Lauda ECO RE 415). Resistance was measured three times at
each temperature. Composites, annealed composites and
reference samples (pure Ni and pure Cu) were characterized.
The resistivity standard deviation arose mainly from the stan-
dard deviation of thickness (Fig. 7). The TCR is independent of
the thickness. The TCR error is low and arises only from the
errors made during the resistance measurement.

2.3.5 Ampacity measurement. Ampacity measurements
were performed using a homemade setup (Fig. 2) allowing to
control the distance between electrodes (set to 0.5 cm) and the
pressure (set to 0.5 mbar) to be carefully controlled. The lines
were fabricated by stamping the foils with two razor blades
clamped together. The width of the lines were measured by
optical microscopy (250 mm). The current was increased at a 0.5
A s�1 rate while the voltage was measured. The maximum
current density (at line failure) was taken as ampacity. The
ampacity was measured on three lines of each type of material.
The main contribution to the ampacity standard deviation ari-
ses from the standard deviation of the line thickness.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM top-views of Oxidized CNT (a and b), CNT@PdaCu (c and d), and CNT@PdaNi (e and f) carpets before (left) and after compression
(right).
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3 Results

In our previous work,21 we used XPS to evidence the presence of
the Cu-doped Pda on our CNT aer a similar coating protocol.
Here, Cu and Ni were directly conrmed by EDX (Fig. S1 in the
ESI) in the CNT@PdaCu and CNT@PdaNi carpets, respectively.
Aiming to increase the CNT vol% in our CNT–metal composites,
we compressed the CNT layers before the metal was electro-
plated. Fig. 3 shows SEM pictures of CNT carpets, made with
(Fig. 3a and b) oxidized CNT, (Fig. 3c and d) CNT@PdaCu, and
(Fig. 3e and f) CNT@PdaNi, before (le) and aer compression
(right). CNT carpets feature an entangled network of CNT with
planar isotropic orientation. CNT carpets obtained by ltration
have an irregular thickness characterized by bulges (Fig. 3a, c
and e). A compression step at 500 kg cm�2 reduces the height of
the bulges and attens the sample (Fig. 3b, d and f).

As highlighted in Fig. 4a, the sheet resistance of the
compressed layers of oxidized CNT, CNT@PdaCu, and
CNT@PdaNi are similar to their respective values before
compression (comprised within the error bar). The large
difference of sheet resistance between the oxidized CNT, the
CNT@PdaCu and the CNT@PdaNi samples is due to a variation
of the quantity of CNT in each kind of sample. In order to factor
in this difference, we dene the specic resistivity as the inverse
© 2021 The Author(s). Published by the Royal Society of Chemistry
of the specic conductivity derived from the following
equations:

Rs ¼ r

t
¼ rcarpet

m
gcarpet (3)

and

Rsm ¼ rcarpetgcarpet ¼
�
scarpet

gcarpet

��1
(4)

wherem is themeasuredmass per square centimetre of the CNT
carpet, r is the resistivity, and g is the specic mass. Fig. 4b
shows that compressed CNT@PdaCu, CNT@PdaNi, and un-
compressed CNT@PdaNi carpets have a similar specic resis-
tivity to oxidized CNT carpets, suggesting that the Pda coating
does not hinder the electron conduction through the CNT
carpets. Interestingly, the un-compressed carpet of
CNT@PdaCu would be even more conductive than the non-
coated system, although the rationale of this remains unclear.
The TCR of all the samples is negative (Fig. 4) as expected for
large diameter MWCNT6,7,21 and has a similar value indepen-
dent of the coating or compression steps. Compared to the TCR
of carpets containing oxidized CNT with a length of 200 mm and
a diameter of 80–90 nm (see our previous paper21), we nd here
a similar TCR in our oxidized CNT systems (800 mm, 80–90 nm),
suggesting that the variation of the CNT length does not
RSC Adv., 2021, 11, 40159–40172 | 40163
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Fig. 4 Sheet resistance (a), Rs m (b), and TCR (c) of CNT carpet samples before and after compression.

Table 3 CNT vol% and specific mass of Cu–CNT and Ni–CNT composites samples used for the resistivity measurements

Samples CNT vol% Specic mass (g cm�3)

Cu–CNT composite not annealed 45.9 � 2.2 5.05 � 0.20
Cu–CNT composite 673 K 41.7 � 2.6 5.46 � 0.24
Cu–CNT composite 873 K 36.2 � 4.1 5.95 � 0.38
Cu–CNT composite 1073 K 46.1 � 8.4 5.03 � 0.79
Average of Cu–CNT composites samples 42.5 � 6.3 5.38 � 0.59
Ni–CNT composite not annealed 47.8 � 2.8 4.87 � 0.26
Ni–CNT composite 673 K 40.9 � 7.8 5.45 � 0.62
Ni–CNT composite 873 K 38.7 � 13.3 5.6 � 1.22
Ni–CNT composite 1073 K 47.8 � 4.1 4.89 � 0.38
Ni–CNT composite 1173 K 41.2 � 4.3 5.41 � 0.39
Average of Ni–CNT composites samples 43.3 � 8.1 5.24 � 0.73
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drastically affect the TCR. Furthermore, in our previous paper,
we also observed that the TCR of CNT coated with Cu-doped Pda
was lower than un-coated CNT. In this paper, values of TCR are
similar for all samples. This is attributed to the much lower
amount of the dopamine used in the coating solution
(0.065 mM in this paper instead of 0.527 mM (ref. 21)). This
result suggests that a higher concentration of dopamine in the
coating solution can lead to the TCR value of CNT carpets being
tailored (decreased), and could be attributed to the log(s)f�1/
T semi-conductor behaviour of dry Pda.30,31 It is beyond the
scope of this paper to study this phenomenon which calls for
additional experiments.
40164 | RSC Adv., 2021, 11, 40159–40172
CNT vol% as high as 42.5 and 43.3% was obtained in the Cu–
CNT and Ni–CNT composites, respectively (Table 3). The
average specic mass of Cu–CNT and Ni–CNT composites is
5.38 and 5.24 g cm�3, respectively, which is signicantly lower
than pure Cu (8.96 g cm�3) and Ni (8.9 g cm�3).3 The variation of
CNT vol% in Table 3 originates from the increase of the current
density on the sample edges;32 leading to metal over-deposition
on the top of the composite layer for the pieces taken from the
sample edges.

Fig. 5 shows the cross-sections of the Cu–CNT (Fig. 5a and c)
and Ni–CNT (Fig. 5b and d) composites, featuring an isotropic
orientation of the CNT and highlighting the presence of
a continuous metal matrix in the interstices between the CNT.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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In literature, the deposition of a continuous copper matrix in
the CNT interstices is usually obtained using organic plating
solution in order to facilitate solution penetration in dense and
hydrophobic CNT carpets.10,16,24 Indeed, it is worth noting that,
when using only an aqueous solution, a high degree of lling of
the CNT network by Cu seems to be limited to composites with
a thickness of around 8 mm.12 Our method enables the fabri-
cation of thicker composites (e.g. composites with a thickness
z 30 mm were obtained here). Several authors stressed the
interest of chemically functionalizing the CNT surface to
improve the homogeneous growth of copper in a CNTmatrix. In
particular, oxygen and hydroxide surface chemical groups can
enhance the binding and nucleation of copper on CNT24,33,34

following the equation of nucleation rate35

J ¼ K exp(�DGc/KBT) (5)

where J is the rate of nucleation, DGc is the critical free energy,
and K is a constant taking into account the number of adsorp-
tion sites and the rate of attachment of atoms. In our specic
case, the Pda coating is hydrophilic36 and drastically increases
the penetration of the aqueous plating solution inside the CNT
carpet. Furthermore, we already highlighted21 the presence of
partially reduced copper ions in Pda that are cross-linked by the
catechols/quinones moieties of Pda. Therefore, we believe that
the metal-doped Pda coating provide a very high density of Cu
ions trapped at the CNT surface. The nucleation rate is
increased by this “internal” source of ions which are further
reduced during the rst steps of the electroplating process.
They act as effective nucleation sites for the metal ions con-
tained in the solution. However, when put in contact with
a polar solvent, the CNT layer was observed to swell. To avoid
this phenomenon and attain a high CNT vol%, we developed
a compression system (Fig. 1) preventing the swelling of the
Fig. 5 SEM cross-sections of Cu–CNT (a and c) and Ni–CNT (b and d)

© 2021 The Author(s). Published by the Royal Society of Chemistry
CNT layer while remaining fully permeable to the electroplating
solution.

Fig. 6a–d shows that the interstices between the CNT in the
composites remain lled by a continuous metal matrix aer
annealing at 673 and 873 K. However, annealing at 1073 and
1173 K triggers a phase separation between metals and the CNT
network; in the Cu–CNT composite annealed at 1073 K (Fig. 6e
and g), the central CNT network is almost completely depleted
of Cu. In the Ni–CNT composite, a large number of Ni nodules
are still visible in the vicinity of the CNT network when samples
are annealed at 1073 K and 1173 K (Fig. 6f and h). We attribute
this difference to the preferred wetting ability of Ni onto CNT (in
comparison to Cu).22 Compared to the weak coupling between
C-p and Cu-d orbitals, Ni can form strong chemical bonding
with CNT due to the overlap between the C-p and Ni-d states20,37

and can even lead to carbide phases when CNT are annealed at
high temperatures ($1073 K).19,20

The resistivity of the Cu–CNT composite sample is 4.32 �
10�6 U cm and is 2.5� the one of the reference copper (at 298 K
– Fig. 7a). Compared to the Cu–CNT composites reported in the
literature, we nd that our composite with non-alignedMWCNT
shows a resistivity (at room temperature) about four times lower
than the resistivity of a highly lled Cu-MWCNT composite
(45% of CNT in volume) with aligned CNT (Sundaram et al. in
Table 1). Wemay expect that the alignment of the CNT along the
ow of the electrical current leads to the decrease of the overall
resistivity of the composite.18,19,38 However, one should note that
the diameter of the MWCNT used by Sundaram et al. is 20 nm
while ours is 80–90 nm. Acknowledging that electron mean free
path grows in proportion with the diameter of the wall and that
more conduction channels are available to electrons in larger
diameter walls,6 Naeemi et al.7 calculated that, for a sufficient
CNT length, increasing the diameter of a MWCNT can signi-
cantly increase its conductivity (e.g. for l z 100 mm, a MWCNT
composites before annealing.

RSC Adv., 2021, 11, 40159–40172 | 40165
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Fig. 6 SEM cross-sections of Cu–CNT (left) and Ni–CNT (right) composites annealed at 673 (a and b), 873 (c and d), 1073 (e and f), and 1173 K (h).
Zoom of the central CNT network of Cu–CNT annealed at 1073 K (g).
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with a diameter of 100 nm would have a conductivity �3�
higher than that of an MWCNT with a diameter of 20 nm).
Hence, our lower resistivity, compared to published results,
could be partially attributed to the large dimensions of our
MWCNT. When samples are annealed at 673, 873 and 1073 K,
the composite resistivity becomes 2.77, 2.34, and 3.52� higher
than that of the reference copper, respectively. It should be
recalled that CNT vol% is not equal in all samples and can
induce a variation of the composite resistivity. In order to factor
in this variation and more carefully measure the effect of the
annealing on the electrical properties, we use the specic
resistivity (Fig. 7b) of the composite (2.18 � 10�5 U g cm�2)
which is 1.44� higher than the specic resistivity of pure
copper, and becomes 1.69, 1.55 and 1.98� higher when
40166 | RSC Adv., 2021, 11, 40159–40172
annealed at 673, 873, and 1073 K, respectively. The TCR of the
Cu reference sample (0.00406 K�1 in Fig. 8) is close to values
reported in literature (between 0.00369 and 0.00409 K�1 at room
temperature11). The TCR of the Cu–CNT composites vary from
0.00343 K�1, when annealed at 1073 K, to 0.00371 K�1 when not
annealed. This represents a decrease of 15.5% and 8.6%,
respectively, in comparison to the value measured for the
reference copper. The non-alignment of CNT is expected to
decrease their contribution to the current conduction as elec-
tron is mainly transported along the tube axis.8,10,16 Sundaram
et al.16 shows that the TCR drops progressively with the lling
degree of the Cu–CNT composite (from 0.003, when poorly l-
led, to 0.0017 K�1 when highly lled) due to the increase of the
CNT–Cu contact surface. We look closely at the morphology of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Resistivity r and specific resistivity

�
s

g

��1
versus temperature of Cu–CNT (a and b) and Ni–CNT (c and d) composites.
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the composites (Fig. 5 and 6) to explain a large resistivity
increase (at 1073 K) alongside a stable TCR, in comparison to
non-annealed composites. We suggest that aer annealing at
1073 K (Fig. 6e), the central network of CNT has a very large
resistivity in the direction perpendicular to the foil because of
the Cu–CNT contact surface reduction. The resistivity increase
is attributed to the lower contribution of the CNT network to
electron transport and to the connement of the current in the
top copper crust (where electrical contact was taken for the
Fig. 8 Temperature coefficient of resistance of Ni–CNT and Cu–CNT
composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
measurement). The stability of the TCR in the composite aer
annealing (compared to before annealing) is attributed to
a decrease of the effective TCR of the CNT network (Fig. 9a and
b), because of the CNT–CNT side contacts favouring electron
transport only through the outer walls23 (outer walls have
a lower TCR than inner walls6) counteracting the lower contri-
bution of the CNT network to electron transport.

In Fig. 7c, the resistivity of the non-annealed Ni–CNT
composite (4.44 � 10�5 U cm) is 6.6� higher than that of pure
nickel. This is also �4.2 times higher than the resistivity a Ni–
CNT composite obtained the literature and integrating 5% vol.
of CNT (� 1.05 � 10�5 U cm).39 Annealed samples have resis-
tivities that are 6.1, 5.9, 4.6, and 4.0� higher than pure nickel
when annealed at 673, 873, 1073, and 1173 K, respectively. The
specic resistivity (at room temperature) of the Ni–CNT
composite (2.16 � 10�4 U g cm�2) is 3.6� higher than pure Ni
and remains the same aer annealing at 673 and 873 K. The
specic resistivity of Ni–CNT composites annealed at 1073 and
1173 K (1.44 and 1.5 � 10�4 U g cm�2, respectively) drops by
33.3 and 30.5%, respectively, to reach values that are roughly
2.5� higher than those of pure Ni. The TCR of the Ni–CNT
composite is 0.00519, representing a 18.9% decrease in
comparison to pure Ni (0.00644 K�1). It ranges from 0.00575 to
0.00471 (a 10.7 and 26.8% decrease) when annealed at 673 and
873 K, respectively. It stabilizes around 0.00519 when annealed
at 1073 and 1173 K. In comparison to the Cu–CNT composite,
the higher magnitude of the TCR decrease in Ni–CNT system
indicates that the current owing through CNT is favoured
when Ni is used. It is still being debated wether Cu–CNT has
RSC Adv., 2021, 11, 40159–40172 | 40167
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Fig. 9 Schema of proposedmechanism of electron transport in case of (a) CNT embedded in Cu in Cu–CNT composite, (b) CNT central network
in Cu–CNT composite after annealing at 1073 K, (c) CNT embedded in Ni in CNT–Ni composite, and (d) CNT network highly interconnected with
Ni nodules after annealing at 1073 and 1173 K.
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a higher or lower contact resistance than Ni–CNT.20,37 However,
the calculations of Milowska et al.20 have shown that Ni would
be able to increase the local density of state at the CNT–Ni
interface thus increasing the injection of electrons into CNT in
Fig. 10 SEM images of Ni–CNT composite annealed at 1173 K.

40168 | RSC Adv., 2021, 11, 40159–40172
comparison to Cu–CNT materials. For our Ni–CNT composite,
CNT are fully embedded within the Ni matrix, promoting elec-
trical contact on CNT sides and ends. When the Ni–CNT system
is annealed at 1073 and 1173 K, it leads to a layered system
constituted of pure Ni and a layer of CNT highly interconnected
by Ni nodules. In the fully embedded system, electrons can be
efficiently injected, at the CNT end contact, into all the CNT
walls (Fig. 9c). When annealed at 1073 and 1173 K, Ni nodules
make electrical contact with CNT inner walls (Fig. 10a) due to
the high carbon solubility in Ni20 (Fig. 9d). The apparent TCR
remains equivalent before and aer annealing; in both cases,
the electrons are efficiently injected into the inner walls of the
CNT. Aer annealing at 1073 and 1173 K, the resistivity is
decreased, because of the formation of a pure and dense Ni
layer on top of a CNT network highly interconnected with Ni
nodules. In the CNT–Ni layer, CNT are highly interconnected
with Ni nodules while the CNT outer walls got rid of Ni
encapsulation, which is known to promote localized electronic
states20 all along the CNT–Ni interface. Hence, we believe that
the CNT network with Ni-dot contacts, which enable the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Ampacity of reference copper for (a) different line thicknesses, and (b) different pressures (at same thickness and distance between
electrodes).

Table 4 Summary of the measurement parameter in the literature. Line dimensions are given as length � width � thickness. The ampacity gain
of Cu–CNT vs. Cu is given in %. * means that the value given in the paper was unclear/supposed for/by the reader. ** Study over several line
lengths, ampacity taken for 17 mm. *** Cu–CNT composite ageing experiment was also carried at 108 A cm�2 over 1200 h

Atmosphere Current ramp Substrate Lines dimensions Ampacity Reference

N/A N/A Free standing 40 mm � 1 mm � 20.4 mm 1.54 � 104 A cm�2 (63%) Chen et al.24

Cu: 40 mm � 1 mm � 18.3 mm Cu: 9.4 � 103 A cm�2

Ar N/A Free standing 50 mm � 2 mm � 60 # t # 80 mm 1.16 � 104 A cm�2 (32%) Shuai et al.27

Cu: 50 mm � 2 mm � 50 and/or 75 mm* Cu: 8,84 � 103 A cm�2

10�3 Pa 1 mA s�1 Free standing ø ¼ 100 mm 6.3 � 104 A cm�2 (28%) Sundaram et al.16

Cu: similar Cu: 4.9 � 104 A cm�2

Air N/A Free standing ø z 10.88 mm for 1.5 # l # 17 mm 2.74 � 105 A cm�2 (�82%)** Bazbouz et al.12

Cu: ø ¼ 50 mm for 1.5 # l # 17 mm Cu: �1.5 � 105 A cm�2

1.3 � 10�4 Pa N/A*** Substrate 50 mm � 800 nm � 900 nm 6 � 108 A cm�2 (10 000%) Subramaniam et al.10,28

Cu: similar Cu: 6 � 106 A cm�2
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electronic conduction through the inner walls of CNT, is a key
feature for fabricating highly conductive Ni–CNT systems.

For reference copper (Fig. 11a), we observed a higher
ampacity with thinner lines (for a same inter-electrode distance
and same line width). The ampacity of an electrical line is
principally determined by the exchange of heat with its envi-
ronment.40,41 When the line reaches a temperature higher than
its operational temperature (depending on the failure mecha-
nism, e.g. melting or electromigration), it is doomed to fail. We
use a rapid ramp of current increase (0.5 A s�1), and, in our case,
we attribute the failure of the line to metal melting. In our
ampacity measurement setup, the line was clipped at the elec-
trodes (heat sink) and the surface of contact between the elec-
trode and the line was proportional to the width of the line.
Thus, the heat produced by Joule heating increases with the line
thickness while the heat dissipated at the electrode is limited by
the line width, leading to a 38% increase in ampacity for thin
lines (7 mm) in comparison to thicker lines (47 mm). Further-
more, for pure copper, we observed a 25% increase in ampacity
when the line was exposed to air, in comparison to low pressure
conditions (Fig. 11b). We attribute this behaviour to the heat
dissipation improvement in the presence of air. Literature re-
ported that the line ampacity would be decreased when exposed
to air due to oxidation.10,16 We attribute our higher ampacity,
© 2021 The Author(s). Published by the Royal Society of Chemistry
when exposed to air, to our higher current increase rate while
testing the line (0.5 A s�1 vs. e.g. 1 mA s�1 (ref. 16)), leading to
a signicantly shorter time of exposure to oxidation. We deduce
that, for a high current increase rate, heat dissipation by air
leads to higher ampacity. It is worth noting that the literature
also reports an increase in ampacity for shorter lines.12,27 This is,
according to us, expected to be highly dependent on the
measurement method (presence of a heat sink as atmosphere,
substrate, .). Here, we highlight the importance of measuring
reference lines and composite lines of the same geometry as the
resulting ampacity variation can be in the same range of
composite ampacity gain vs. copper reported in the literature
(�32%,27 �28%,16 $82%12). More generally, we stress the
importance of measuring ampacity on reference lines and
composite lines in the same conditions to allow a non-
ambiguous comparison between copper and composite. The
ampacity measurement parameters and ampacity values vary
widely between the papers (Table 4). There is also sometimes
deviation or potential deviation between the parameters used to
measure reference Cu and Cu–CNT composites. As a conse-
quence, it is difficult to compare the ampacity gains obtained in
different works as they can involve different heat exchanges,
chemical environments and probably failure mechanisms (e.g.
electromigration vs. melting).
RSC Adv., 2021, 11, 40159–40172 | 40169
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Fig. 12 SEM image of the failure zone of (a) Cu–CNT and (b) Ni–CNT composites lines (both annealed at 873 K) after the ampacitymeasurement.
Zoom on the line of Ni–CNT composite (annealed at 873 K) after ampacity measurement in the failure zone showing Ni nodules fused with CNT
(c and d).

Fig. 13 Ampacity and specific ampacity of the Cu–CNT composite lines (a and b) and Ni–CNT lines (c and d).
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Fig. 12 shows samples used tomeasure the ampacity (lines of
composites aer the measurement). The failure of the sample
were characterized by their melting. The failure zone of the Cu–
40170 | RSC Adv., 2021, 11, 40159–40172
CNT composite (Fig. 12a) lines is few hundred mm long and is
featured by a swelled layer of CNT that is highly depleted of
copper (only few copper globules remain). The failure zone had
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a similar morphology independent of the annealing of the
composites and hence, of the initial degree of the copper lling.
In the Ni–CNT composite case (Fig. 12b), the failure zone is not
swelled and the remaining content of Ni in the CNT network is
signicantly larger than in the Cu–CNT composite lines (see
also Fig. S2). Also, in the case of Ni–CNT materials, the
morphology of the failure zone is independent of the annealing
of the composite. We note the presence of Ni nodules, fusing
CNT (Fig. 12c and d) in the Ni–CNT lines (failure zone) aer the
ampacity measurement and which are formed by Joule heating.

The composite ampacity is compared to the ampacity of
reference copper lines with a similar thickness, the same
measured pressure, same line width, and same inter-electrode
distance. Most of the Cu–CNT lines had an ampacity between
40 276 and 52 929 A cm�2 (Fig. 13a) and a specic ampacity
(Fig. 13b) between 7591 and 9930 A cm g�1. A few lines dis-
played a specic ampacity of 9409, 9722, and 9930 A cm g�1

(Cu–CNT composite, Cu–CNT composite annealed at 1073 K,
and Cu–CNT composite annealed at 873 K, respectively), which
is higher than pure copper (around 9000 A cm g�1). In contrast
with a recent paper,24 our results indicates that a composite
characterized by a randomly aligned CNT carpet highly lled by
copper has a lower ampacity than pure copper. Shuai et al.27 also
reported an ampacity increase of 32% (with 1.04 vol% of aligned
MWCNT). Sundaram et al.16 reported a 28% increase in
a composite constituted of 45% vol. of aligned MWCNT (but
with a room temperature resistivity four times higher than
ours). And nally, Subramaniam et al.10,28 reported an ampacity
one hundred times higher than pure copper. For Ni–CNT
composite samples, most of the lines had an ampacity between
8250 and 13 500 A cm�2 while pure Ni displayed ampacity
between 23 900 and 25 400 A cm�2 (Fig. 13c). The majority of
the lines had a lower specic ampacity than pure Ni, while a few
lines presented a specic ampacity of 3150 and 3560 A cm g�1 in
comparison to a value of around 2700 A cm g�1 for pure Ni
(Fig. 13d). Interestingly, the lowering of the resistivity in Ni–
CNT composites when annealed at 1073 and 1173 K did not
improve the ampacity of the system while, similarly, the
increasing of the resistivity of the Cu–CNT composite when
annealed at 1073 K did not signicantly lower its ampacity.
Alongside the resistivity changes, the change of metal–CNT
composite morphology (e.g. highly lled CNTmatrix to depleted
CNT matrix in the Cu–CNT annealed sample at 1073 K) did not
seem to impact the ampacity.

4 Conclusion

We observed that the TCR of CNT carpets could be tailored
(decreased) by coating the CNT with Cu-doped polydopamine.
We also presented a novel electroplating method enabling the
fabrication of Cu–CNT composites with a high CNT vol% (�
42.5%), a high degree of metal lling, and over a large thickness
(�30 mm), something which has not only never before been
attained in the literature (to the best of our knowledge) when
using only an aqueous plating solution, but is also effective for
the fabrication of the Ni–CNT composite. We highlight that
long and large MWCNT could be used in the Cu–CNT composite
© 2021 The Author(s). Published by the Royal Society of Chemistry
to reach low resistivity. Also, the CNT contribution to the elec-
tronic transport was higher in the Ni–CNT composite than in
the Cu–CNT composite. In addition, the resistivity of the CNT
network, featuring dot-contacts by Ni particles (aer annealing
of the Ni–CNT composite), is lower than the Ni–CNT composite,
where CNT are fully embedded in Ni; featuring the potential
interest of tailoring the CNT–Cu interface with such Ni electrical
contacts to promote effective electronic transport in the Cu–
CNT composite. Controversially to the literature, we report
a loss of ampacity in our metal–CNT composites compared to
the pure reference metal. Also, we show that the atmosphere
used for the measurement and the dimension of the sample can
have a signicant impact on its ampacity, leading to variations
typically in the range of the ampacity gains of Cu–CNT
composite (compared to reference copper), which can be seen
in the literature. Therefore, we stress the importance of
controlling and disclosing the experimental parameters of the
ampacity measurement accurately in order to provide reliable
comparisons of published results between the Cu–CNT
composites and pure copper.
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