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erfacing with Cu-doped
polydopamine in CNT carpet: copper nucleation
and resistance decrease upon soft annealing

Antoine Duhain, *ab Jérôme Guillot, a Guillaume Lamblina and Damien Lenoblea

In recent years, Cu–CNT composites have attracted much attention due to their remarkable properties, in

comparison to pure copper, such as higher ampacity and a lower thermal coefficient of resistance.

However, the fabrication of an efficient Cu–CNT composite is still challenging, mainly due to the high

cuprophobicity of CNTs. To strengthen the chemical interactions between Cu and CNTs, we propose

using a Cu-doped polydopamine coating as an interface between CNTs and metallic copper. This work

reports on the nucleation of copper particles on the surface of MWCNTs that are coated with Cu-doped

polydopamine after annealing in an inert atmosphere at 573, 673 and 773 K. We show, for the first time

to the best of our knowledge, that the polydopamine coating oxidizes during annealing and efficiently

reduces Cu ions into metallic Cu. Interestingly, the sheet resistance of coated CNT carpets can be

reduced by 33 and 37.6% after annealing at 573 and 773 K, respectively. Furthermore, the sheet

resistance decrease does not depend on the size of copper particles (diameter ranging from 13 to 27

nm) or their surface density (from 2.27 � 1010 to 5.7 � 108 particles per cm2). This sheet resistance drop

is mainly attributed to the appearance of pyridinic nitrogen in the Cu-doped polydopamine structure

after annealing at 673 K and above. Finally, we measure a negative temperature coefficient of resistance

for all of the CNT carpets.
1 Introduction

In present times, the continuous miniaturization of electronic
devices results in the problematic reduction of their lifetime.
Indeed, the current density used in devices is close to the
maximum current-carrying capacity (ampacity) of the metals
used (copper, gold etc.).1,2 Subramaniam et al. propose to tackle
this issue by integrating copper–carbon nanotube (CNT)
composites into their devices. They reported a strong increase
in the ampacity (one hundred times) of such materials
compared to pure copper.3–5 Still, these results are controversial
for such a material, acknowledging that the most recent liter-
ature discloses ampacity gains/losses ranging from 30% loss to
36% gain.6–8 Such a large range of results demands further
investigation related to the mechanisms governing the
conductivity and ampacity of these materials. Among the crit-
ical parameters governing the conductivity and the ampacity of
such composites, the electronic interactions of copper and CNT
orbitals are instrumental. Therefore, new avenues are needed to
eliminate the strong cuprophobicity of CNTs.9–11 Among recent
ent, Luxembourg Institute of Science and
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strategies, Guo et al. presented an interesting strategy using Cu
nanoparticles, grown by electroless plating on a CNT surface, to
enhance the interfacial bonding between CNTs and Al by
reducing the mist strain between the Al matrix and CNTs.12

Daneshvar et al. showed that copper particles at the surface of
functionalized CNTs can enhance the conductivity of CNT
carpets. In particular, they demonstrated a higher affinity
between copper and CNTs when a thiol-based functional group
was used. However, electroless plating was used to grow Cu
particles on the CNT surface and the use of palladium seeding
was required.13 In spite of promising results demonstrating the
efficiency of polydopamine (Pda) to coat CNT,14 we propose, for
the rst time to the best of our knowledge, the use of Pda doped
by Cu to efficiently nucleate and interface metallic copper
materials with CNTs. Pda was increasingly studied in 2007 aer
Lee et al. reported that Pda could be used as a seed layer for
silver electroless deposition, leading to the spontaneous
reduction of Ag(I) into Ag(0).15,16 Pda coating is an excellent
candidate for CNT dispersion in aqueous solution due to the
excellent adhesion and hydrophilic properties of Pda.14,17

Furthermore, metal ions can be strongly coordinated by the
functional groups of Pda16,18 and Li et al. reported the possibility
of nucleating copper particles from Cu-doped Pda when
annealed.19 This work provides a thorough analysis of the
nucleation and growth of copper particles on CNTs coated with
copper-doped polydopamine, revealing the conductivity and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the characterized samples

XPS SEM/STEM HIM-SIMS DSC TCR/Rs

Oxidized CNTs 7 7

Oxidized CNTs 773 K 7 7

CNT@Pda 7 7 7

CNT@Pda 773 K 7

CNT@PdaCu 7 7 7 7

CNT@PdaCu 573 K 7 7

CNT@PdaCu 673 K 7 7 7

CNT@PdaCu 773 K 7 7 7 7
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temperature coefficient of resistance (TCR), which are suitable
for the further fabrication of Cu–CNT composites. We rst
characterize the chemistry and morphology of copper grown on
CNTs in order to further investigate the mechanisms related to
such growth. Aerwards, we cross-link these results with vari-
ations of sheet resistance and TCR induced by the thermal
annealing of the CNT carpets.

2 Materials and methods
2.1 CNT preparation

Commercial multi-walled carbon nanotubes (MWCNTs)
(average diameter 80–90 nm; average length 200 mm) were
bought from NanoTechLabs, Inc. (NTL). Dopamine hydrochlo-
ride and nitric acid (65%) were bought from Sigma-Aldrich.
Hydrochloric acid (37%, AnalaR NORMAPUR) and ethanol
absolute (>99.8% AnalaR NORMAPUR) were bought from VWR.

2.1.1 CNT oxidization. Following a protocol inspired by
Rosca et al.,20 350 mg of CNTs were oxidized through sonication
in 50 ml of nitric acid 52% for 30 minutes at room temperature.
Oxidized CNTs were then ltrated and rinsed with DI water.
Oxidation in nitric acid produces principally carboxylic groups
at the CNT surface.20

2.1.2 Pda coating on CNTs (CNT@Pda). A protocol inspired
by Shi et al.14 was used to prepare Pda-coated CNT samples.
150 mg of oxidized CNTs were dispersed in 937.5 ml of a solu-
tion of dopamine hydrochloride (DA) (0.1 mg ml�1). The solu-
tion was ultra-sonicated for 10 s then vigorously stirred for
25 min in the solution in order to promote the adsorption of the
DA monomers on the CNT surface, which occurred due to van
der Waals and p–p stacking interactions between the aromatic
dopamine and the sp2 hybridized carbon of the CNTs.14

Furthermore, CNT oxidation can promote the adsorption of DA
monomers on the CNTs due to the formation of hydrogen
bonds between carboxylic groups at the CNT surface and the
catechol groups of dopamine.21 DA polymerization was trig-
gered by the addition of 562.5 ml Tris–HCl (0.01 M) and the
solution was successively ultra-sonicated for 10 s. It was then
vigorously stirred for 24 h. 18.75 ml of NaOH (1 M) was added to
the dispersion and the CNTs were recovered by ltration. The
CNTs were then dispersed in 100 ml of absolute ethanol (EtOH).
The CNT dispersion was then ltered, rinsed twice with 200 ml
EtOH and re-dispersed in 100 ml EtOH.

2.1.3 Cu-doped Pda coating on CNTs (CNT@PdaCu). To
prepare CNT@PdaCu, 150 mg of oxidized CNTs were coated
using the same protocol as shown above, except that CuSO4-
$5H2O was added to the dopamine solution (2.4 mM and
0.5 mM, respectively). Cu(II) was expected to be chelated by the
amine and catechol groups of DA.16,18 In addition to the
hydrogen bonding between DA and the oxidized CNT surface,
the –COOH groups were also expected to provide a binding site
for Cu(II) ions and promote the adsorption of the DA–Cu(II)
complexes.13,16,18

2.1.4 Annealing of samples. The CNT annealing experi-
ments were performed in a Carbolite Gero CWF furnace
upgraded with an internal retort, allowing the atmosphere to be
controlled. CNT@PdaCu samples were annealed in a fully inert
© 2021 The Author(s). Published by the Royal Society of Chemistry
atmosphere (Ar), rising from room temperature to 573, 673 and
773 K at a 5 K min�1 heating rate. When the desired tempera-
ture was reached, the furnace was cooled down overnight to
room temperature.
2.2 Physical characterisation

2.2.1 X-ray photoelectron spectroscopy (XPS). The Cu 2p, N
1s, C 1s and O 1s photoelectron spectra and Cu LMM Auger
electron spectra of samples given in Table 1 were acquired using
Kratos Axis Ultra DLD apparatus equipped with a mono-
chromatic Al Ka X-ray source running at 150 W (10 mA, 15 kV).
The spectroscopy was carried out on an analysis area set to 300
� 700 mm2 with 20 eV pass energy for the narrow scans, leading
to a FWHM of 0.6 eV on the Ag 3d5/2 line of a cleaned reference
silver foil. The electron spectrometer had previously been cali-
brated on the Cu 2p3/2 and Au 4f5/2 lines at 932.6 eV and 84.0 eV
respectively. Without any further charge correction, the main C
1s component, corresponding to the sp2 carbon atoms in the
CNTs, is found at 284.35� 0.05 eV for every sample. The spectra
were analysed with CasaXPS soware. It has been veried that
annealing the oxidized CNTs at 773 K leaves the C 1s line shape
unchanged. This spectrum has subsequently been used as the
CNT component in the C 1s peak reconstruction of all samples
(Fig. 3). It allowed us to discriminate the oxidized CNT contri-
bution from the polydopamine coating contribution. The rela-
tive intensities of the C–N and C]N components in C 1s were
xed using their atomic percentage ratio, which was deter-
mined from the N 1s spectra and the nitrogen percentage in the
sample. Except for the oxidized CNT, the O 1s spectra present
a large tail at the high binding energies, over 535.0 eV, a feature
of the sodium Auger peaks.22 The sodium contribution has been
tted with a single component centred at 534.8 � 0.1 eV. The
intensity of this peak represents between 12 and 20 percent of
all of the O 1s peaks and its evolution is in accordance with the
sodium amount detected in the samples aer the various
synthesis steps and thermal treatments. This contribution has
systematically been removed from the O 1s peaks to accurately
determine the elemental composition. The low % of Cl detected
in the CNT@PdaCu samples (Table 2) results from contami-
nation by the buffer (Tris–HCl) and/or residual hydrochloride
salts coming from the dopamine hydrochloride. Although there
were two rinsing steps with EtOH aer the polymerization step
of DA, small quantities of some salts can sometimes remain in
the CNT@PdaCu ltered layer. The detection of Cl in the
RSC Adv., 2021, 11, 11900–11909 | 11901
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Table 2 XPS elemental composition in atomic percentage

C (%) Cl (%) Cu (%) N (%) Na (%) O (%)

Oxidized CNTs 97.5 0.0 0.1 0.3 0.0 2.1
CNT@Pda 76.4 0.2 0.0 5.1 4.2 14.1
CNT@PdaCu 69.0 0.2 2.2 5.8 3.8 19.0
CNT@PdaCu 673 K 77.5 1.3 2.0 7.2 2.1 9.9
CNT@PdaCu 773 K 81.3 1.1 1.5 6.5 2.0 7.6
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annealed samples is therefore not specically linked to the
annealing process.

2.2.2 Scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM). SEM and STEM (FEI;
Helios NanoLab™ 650) were used to record high resolution
images of the CNTs. CNTs were deposited on typical holey
carbon-supported Cu grids. Pictures were taken using a 1.0 mm
eld of view with an acceleration voltage of 30 kV. Pictures were
post-processed with ImageJ to estimate the number of particles
per square centimetre and the nuclei size distribution. The
mean nuclei density and error bars shown in Fig. 6a are calcu-
lated from all of the distinct images analysed for each sample.
Catalyst particles typically used to grow the CNTs are present in
all samples; for this reason, the mean size and density of copper
nuclei were extracted by subtracting the catalyst background
calculated from CNT@PdaCu before annealing.
Fig. 1 Cu 2p (left) and Cu LMM (right) spectra of (a and b) CNT@PdaCu
annealed at 773 K. (1) peak at 932.45 eV related to Cu(I) species, (2) peak
Cu(I) and Cu(II) species.

11902 | RSC Adv., 2021, 11, 11900–11909
2.2.3 Helium ion microscopy-secondary ion mass spec-
troscopy (HIM-SIMS). HIM-SIMS analysis was performed with
a Helium Ion Microscope instrument (Zeiss, Peabody, MA, USA)
coupled with a mass spectrometer developed at the Luxembourg
Institute of Science and Technology.23 Electron microscopy
images were recorded using a 25 kV helium beam and a primary
current of 0.5 pA. The analytical information was provided by the
secondary ion mass spectroscopy (SIMS) technique. SIMS
measurements were acquired in imaging mode using a primary
bombardment of Ne+ accelerated at 20 kV. The probe ranged
from 20 to 40 nm in diameter, with an intensity of 3 pA. The
raster size was 5 � 5 mm2 for a matrix of 512 � 512 pixels.2 This
technique was specically used to investigate the spatial distri-
bution of chemical elements at the surface of CNT@PdaCu
annealed at 773 K compared to reference oxidized CNTs.

2.2.4 Differential scanning calorimetry (DSC). DSC (Mettler
Toledo DSC3+) was used to measure the variation of enthalpy
during CNT annealing and was carried out in Ar gas to repro-
duce the annealing conditions. 11.5 mg of CNT@Pda and 5 mg
of CNT@PdaCu were placed in an aluminium crucible. Due to
the small quantity of reactingmaterial, the samples were heated
with a 20 K min�1 ramp to 673 K (instead of the 5 K min�1 used
during the annealing) in order to increase the DSC signal
intensity.24
, (c and d) CNT@PdaCu annealed at 673 K and (e and f) CNT@PdaCu
at 934.0 eV related to Cu(II) species, and (3) peak at 915.8 eV related to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2.5 Temperature coefficient of resistance (TCR) and
sheet resistance measurements. TCR measurements were
carried out between 298 and 433 K with a four-probe setup
coupled with a temperature-controlled hot plate. The probes
Fig. 2 N 1s spectra of (a) oxidized CNT, (b) CNT@Pda, (c) CNT@PdaCu, (d

© 2021 The Author(s). Published by the Royal Society of Chemistry
have a space of 1 mm and measurements were performed on 1
� 1 cm CNT carpet samples. Those samples were obtained
through the ltration of the CNT solutions (oxidized, CNT@Pda
) CNT@PdaCu annealed at 673 K and (e) CNT@PdaCu annealed at 773 K.

RSC Adv., 2021, 11, 11900–11909 | 11903
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and CNT@PdaCu) followed by the peeling of the CNT layer from
the ltration membrane.

The sheet resistance of the CNT carpets was measured at
room temperature. As the thickness of CNT carpets is difficult to
measure accurately, the one-to-one comparison of sheet resis-
tance between samples is not reliable. Thus, we decided to
compare the drop in resistance of the CNT carpets aer
annealing at 573, 673 and 773 K to their resistance before
annealing. The drop in resistance is expressed as 100 � (1 �
Rannealed/Rnotannealed) %.
3 Results and discussion

XPS is a powerful means to determine the oxidation state of
metals and their oxides, hence it was used to investigate the
mechanisms of the growth of copper particles upon the
annealing of Cu-doped Pda coated CNTs. Fig. 1 displays the Cu
2p and Cu LMM spectra of Cu-doped Pda before and aer
annealing at 673 and 773 K. The presence of copper in the Pda
coating of CNT@PdaCu is conrmed by XPS (Fig. 1a and b). The
shake-up satellite (Fig. 1a) is a clear indication of the presence
of Cu(II).25 Peak 1, at 932.45 eV, is attributed to Cu(I). The
possibility of Cu(I) being present as CuCl was excluded using the
Fig. 3 C 1s spectra of (a) oxidized CNT, (b) CNT@Pda, (c) CNT@PdaCu, (d

11904 | RSC Adv., 2021, 11, 11900–11909
elemental composition (Table 2), which showed that CuCl
cannot present a major contribution to the Cu 2p line. One can
notice that the peak position has slightly shied compared to
the Cu2O bulk value (932.18 eV (ref. 25)). This energy shi may
be attributed to the Cu(I) ions coordinated to the catechol/
quinone/amine groups of Pda.16,18 Similarly, we attribute the
peak at 934 eV to Cu(II) being coordinated by Pda. Indeed, the
lack of indentation in the shake-up satellite (see the dotted line
in Fig. 1a) precludes the presence of CuO.25 We might conclude
that Cu(II) and Cu(I) are coordinated in the polydopamine
coating and that the Cu(II) introduced from CuSO4 is partially
reduced into Cu(I) during the dopamine polymerization. This
reduction is attributed to the several oxidation steps involved in
the dopamine polymerization. In particular, the oxidation of
catechol to quinone releases two electrons which can reduce the
chelated metal ions.16,26

Additionally, the chemical evolution of the samples can be
demonstrated by the N 1s, C 1s and O 1s spectra (Fig. 2, 3 and 4
respectively). The reference sample (Fig. 2a) features CNTs
doped with nitrogen due to oxidation in nitric acid (peak at 400
� 0.1 eV associated with C2–NH).27–30 One can recall that in the
CNT@Pda sample (Fig. 2b), the C2–NH (pyrrolic nitrogen) and
C]N–C (pyridinic nitrogen) components feature cyclic units of
) CNT@PdaCu annealed at 673 K and (e) CNT@PdaCu annealed at 773 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 O 1s spectra of (1) CNT@PdaCu, (2) CNT@Pda, (3 and 4)
CNT@PdaCu annealed at 673 and 773 K, respectively, and (5) oxidized
CNTs.

Fig. 5 (a) SEM and (b) STEM image of CNT@PdaCu. (c) SEM and (d)
STEM image of CNT@PdaCu annealed at 573 K. (e) SEM and (f) STEM
image of CNT@PdaCu annealed at 773 K.
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Pda formed via the Michael addition reaction.16 The
CNT@PdaCu sample (Fig. 2c) features a peak at 398.8 eV
attributed to nitrogen–copper interactions.27,29,31 Interestingly,
the relative contribution of the Cu–N component (Table 3)
decreases upon annealing from 30.5% (CNT@PdaCu) to 20.2%
(CNT@PdaCu annealed at 673 K) and towards 8.8%
(CNT@PdaCu annealed at 773 K) meaning that the amount of
Cu ions chelated in Pda decreases as the annealing temperature
increases. In the Cu 2p spectra (Fig. 1c and e), the thermal
annealing of CNT@PdaCu at 673 and 773 K shows a drastic
decrease of the shake-up satellite and peak at 934 eV, high-
lighting that Cu(II) is disappearing. The Cu LMM spectra (Fig. 1d
and f) feature a shoulder at 918.5 eV, corresponding to the
formation of Cu(0) during annealing.25 We also observe a shi
of peak number 3 from 915.8 to 916.4 eV at 773 K. We attribute
this shi to the progressive surface oxidation of the grown
copper particles (Fig. 5) into Cu2O (which has an expected peak
position of 917.0 eV).32,33 As seen above in the N 1s spectra, the
Cu–N chelation component still represents 8.8% of the nitrogen
amount aer annealing at 773 K. We might thus conclude that,
aer annealing at 773 K, Cu(I) is still partially coordinated in
Pda while some Cu(I), in the Cu2O form, appears at the copper
nuclei surface due to exposure to air. The presence of C]N–C,
N–Cu, C2–NH and C–NH2 components in Fig. 2d and e
conrms the preservation of the Pda coating aer annealing at
Table 3 N 1s peak components and their relative contribution to the pe

C]N–C
(%) N–Cu (%)

Oxidized CNTs 0.0 0.0
CNT@Pda 21.9 0.0
CNT@PdaCu 13.7 30.5
CNT@PdaCu 673 K 25.4 20.2
CNT@PdaCu 773 K 38.4 8.8

© 2021 The Author(s). Published by the Royal Society of Chemistry
673 and 773 K. Nevertheless, the Pda structure is altered by the
annealing; the C]N–C bonding (Table 3) in annealed
CNT@PdaCu (25.4 and 38.4% at 673 and 773 K, respectively) is
signicantly higher than in non-annealed CNT@PdaCu
(13.7%). The C2–NH contribution in CNT@PdaCu (43.3%)
decreases when annealed at 673 and 773 K (35.9 and 30.6%,
respectively). These results suggest a progressive suppression of
pyrrolic nitrogen in favour of pyridinic nitrogen during
annealing.42,43

The lower ratio (Table 4) of C–O/C]O in CNT@Pda (Fig. 3b)
than in CNT@PdaCu (Fig. 3c) suggests that catechol/semi-
quinone groups are present in higher quantities than quinone
when copper is coordinated in Pda. Barrett et al.34 suggested
that catechol groups could be partially protected by the coor-
dination of metal ions during polymerization in alkaline
conditions. Interestingly, when CNT@PdaCu samples are
annealed at 673 and 773 K, the same ratio drops to 0.9 and 0.6,
respectively, illustrating an even more important quinone
component. We believe that the thermal treatment induces
further oxidation of polydopamine, providing a continuous
source of electrons that enable the efficient reduction of copper
ak fit (%)

C2–NH (%)
C–NH2
(%) NOx (%)

100.0 0.0 0.0
60.9 17.2 0.0
43.3 10.1 2.4
35.9 14.5 4.1
30.6 19.6 2.7

RSC Adv., 2021, 11, 11900–11909 | 11905
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Table 4 C 1s peak components, their relative contribution to the peak fit (%) and the ratio
C�O

CaO

CNT C–(C, H) C*–COO C–N C]N C–O
C]O

O–C]O
C� O
CaO

O–C–O

CNT@Pda 57.2% 16.9% 1.9% 7.5% 1.0% 8.2% 5.3% 1.9% 1.5
CNT@PdaCu 40.2% 19.2% 3.4% 9.2% 1.1% 15.2% 8.3% 3.4% 1.8
CNT@PdaCu 673 K 52.3% 26.1% 2.0% 6.3% 1.4% 4.6% 5.2% 2.0% 0.9
CNT@PdaCu 773 K 61.8% 22.4% 1.5% 5.4% 1.7% 2.1% 3.6% 1.5% 0.6
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ions as revealed by the detailed analysis of the XPS spectra of
copper. This conclusion is further supported by carefully ana-
lysing the O 1s spectra which evidences a drastic decrease of the
C–O component of CNT@PdaCu (curve 1 in Fig. 4) aer thermal
treatment (curves 3–4 in Fig. 4). Finally, we could attribute the
drop in oxygen (Table 2) from 19% before annealing to 7.6%
aer annealing at 773 K, respectively, to the catechol dehydra-
tion as suggested by Kong et al.43

One can note an evolution of the O 1s peak shape for Pda-
coated CNTs (curves 2 and 5 in Fig. 4) which features an
increase in both the O]C and O–C contributions, at 531.4 and
533 eV respectively,35,36 corresponding to the catechol and
quinone groups of the Pda. The Cu doping of the Pda coating
(curve 1 in Fig. 4) leads to a higher component located at
531.4 eV and is attributed to Cu(II) chelated by Pda, as previously
observed in the Cu 2p spectra. One can note a shi of this peak’s
maximum towards 531.1 and 531.0 eV when samples are
annealed at 673 and 773 K, respectively. This shi is attributed
to the appearance of Cu2O at the surface of the Cu nano-
particles, as already seen in the Cu 2p spectra.25,32,33,37,38

Fig. 5a of CNT@PdaCu without annealing shows the distri-
bution of CNTs with a diameter ranging from 33 to 195 nm. The
same sample observed by STEM (Fig. 5b) shows inner particles
(black spots) corresponding to the typical catalysts used to grow
CNTs. We calculate the average diameter of catalyst to be
around 18 nm, with a density of 6.8 � 109 particles per cm2

(Fig. 6a and b). Catalysts are present in all analysed samples.
Fig. 5c (CNT@PdaCu annealed at 573 K) reveals the growth of
nuclei rather than a homogeneous coating distributed over the
Fig. 6 (a) Mean density of particles and (b) nuclei size distribution.

11906 | RSC Adv., 2021, 11, 11900–11909
CNT surface. The STEM image (Fig. 5d) shows a strong contrast
with the CNTs corresponding to those particles and enables
their main features to be counted precisely: size and density.
CNT@PdaCu annealed at 773 K (Fig. 5e) shows bigger particles
on most of the CNTs except the largest one. Nevertheless,
observations of other areas of the same sample have shown that
the growth of particles is not dependent on the diameter of the
CNT. The STEM image of the same sample in Fig. 5f further
conrms the rather high material density (contrast-dependent)
of the grown particles. Furthermore, additional image contrast
enhancement reveals the growth of particles on the back side of
the largest CNT. Only the images of the samples annealed at 573
and 773 K are presented here but similar observations can be
made for the sample annealed at 673 K. Aer annealing at 573
K, one can observe a high particle density (2.27 � 1010 particles
per cm2) related to the appearance of a new population of nuclei
with an average diameter of 13 nm (Fig. 6). When the sample is
annealed at 673 K, the particle density remains almost the same
(2.34 � 1010 particles per cm2) while the mean diameter of the
nuclei grows slightly (15 nm). At 773 K, the quantity of particles
decreases drastically (5.7 � 108 particles per cm2) while their
average diameter shis towards 27 nm. The small decrease of
the Cu content detected by XPS during annealing (Table 2) is
thus attributed to the gradual formation of copper nuclei with
a diameter larger than the XPS probing depth (<10 nm).

Fig. 7 shows the comparative DSC measurements of the
CNT@Pda and CNT@PdaCu samples in order to further
understand the chemical mechanisms governing the nucleation
of particles on the CNT surfaces. In both cases, the rst
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Differential scanning calorimetry measurements of CNT@Pda
and CNT@PdaCu. Inset: magnification showing the exothermic peak
for the CNT@PdaCu sample.

Fig. 9 (a) Photograph and (b) SEM image of the CNT@PdaCu carpet
sample annealed at 673 K.
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endothermic peak below 373 K is attributed to the evaporation
of ethanol contained in the Pda hydrophilic layer. The most
specic feature of the CNT@PdaCu sample is the exothermic
peak around 573 K. Li et al. have attributed this peak to the
appearance of metallic nuclei during the annealing of Cu-doped
Pda coated on fused silica.39 In our case, this exothermic peak
occurs between 540 K and 660 K and concurs with the obser-
vation of surface particles in the samples annealed at 573, 673
and 773 K. As shown by the Cu LMM spectra, the presence of
metallic Cu is detected for samples annealed beyond 673 K. We
believe that this peak might be related to the energy variation
arising from the redox reaction between copper and Pda, as well
as the decrease of free energy due to the reduction of the surface
area of the Cu particles.40 Fig. 8 a and b (electron microscopy
and HIM-SIMS, respectively) highlight the presence of copper
(in blue) and its homogeneous distribution on the CNT@PdaCu
surface aer annealing at 773 K.

Fig. 9a and b show a photograph and a SEM image,
respectively, of a CNT@PdaCu carpet sample annealed at 673
K and used for the resistance measurements. The CNTs are
Fig. 8 (a) Secondary electron and (b) HIM-SIMS images of the same
zone of CNT@PdaCu annealed at 773 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
randomly oriented within a horizontal plane. All CNT carpet
samples displayed a similar morphology. Table 5 summarizes
the drop in resistance (at room temperature) of the CNT
carpets aer annealing at 573, 673 and 773 K, in comparison to
their resistance before annealing. It shows that there is no
drop in resistance for the oxidized CNT reference sample (�8.8
� 12.0%). Lekawa-Raus et al. reported that a small increase of
resistance could be observed in CNT bers aer annealing due
to humidity removal.41 One can observe a drop in resistance of
32.4� 3.6% for the CNT@Pda sample aer annealing at 773 K.
Several authors reported an increase in the conductivity of Pda
aer annealing,42–44 which could explain the drop in resistance
of the Pda-coated CNT carpet. There is no signicant differ-
ence among the CNT@PdaCu samples annealed at 573, 673,
and 773 K; indeed the resistance drops are 33 � 1.3, 36.9 � 6.7
and 37.6 � 12.2%, respectively. This means that the carpet
resistance is independent of the copper particle size and
density. One can recall that copper particles on the CNT
surface have a high density with a smaller size at 573 K and are
bigger with a lower density at 773 K (Table 6). Finally, there is
no signicant difference between CNT@Pda and CNT@PdaCu
when both are annealed at 773 K. This is surprising since Li
et al.19 attributed the higher conductivity of a Cu-doped Pda
coating (on fused silica) annealed at 873 K (in comparison to
undoped Pda annealed at the same temperature) to the
nucleation of copper particles in the Cu-doped Pda coating. In
our case, the Cu 2p spectra showed that the copper particles
are partially oxidized in Cu2O aer annealing at 773 K, which
might explain the independence of the resistance from the
particle size and density. The resistance decrease in the
CNT@PdaCu samples is attributed to the progressive
suppression of pyrrolic nitrogen (C2–NH) in favour of pyr-
idinic nitrogen (C]N–C), as previously observed in Table
3.42–44 As seen in Table 6, the temperature coefficient of
Table 5 Drop in resistance of the CNT carpet samples after annealing
at 573, 673 and 773 K, in comparison to their resistance before
annealing. The resistance drop is expressed as 100 � (1 � Rannealed/
Rnotannealed) %

Annealing
temperature Oxidized CNTs CNT@Pda CNT@PdaCu

573 K — — 33 � 1.3%
673 K — — 36.9 � 6.7%
773 K �8.8 � 12.0% 32.4 � 3.6% 37.6 � 12.2%
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Table 6 Temperature coefficient of resistance of the CNT carpets before and after annealing at 573, 673 and 773 K

Annealing temperature Oxidized CNTs CNT@Pda CNT@PdaCu

Not annealed �1.44 � 10�3 � 3.17 �
10�5

�2.73 � 10�3 � 1.89 �
10�4

�2.21 � 10�3 � 4.59 �
10�4

573 K — — �1.85 � 10�3 � 9.09 �
10�5

673 K — — �1.73 � 10�3 � 1.03 �
10�4

773 K �1.44 � 10�3 � 4.05 �
10�5

�2.26 � 10�3 � 1.39 �
10�4

�2.35 � 10�3 � 1.02 �
10�4
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resistance is negative for the annealed and non-annealed
oxidized CNT reference samples. Interesting work from
Naeemi et al.45,46 theoretically attributed the negative TCR of
MWCNTs to their large diameter. The TCR of the CNT@Pda
sample slightly increased when annealed at 773 K, while the
TCR of the CNT@PdaCu samples remained apparently unaf-
fected aer annealing at 573, 673 and 773 K. The conductivity
of polydopamine displayed a log(s) f �1/T semi-conductor
behaviour in a dry environment47,48 and could partially
contribute to the negative TCR of the coated CNTs.
4 Conclusions

We demonstrated the nucleation and growth of metallic copper
nanoparticles onto the surface of CNTs coated with Cu-doped
polydopamine when annealed in an Ar environment at
temperatures varying from 573 to 773 K. Based on the XPS
characterisation of these materials, the copper nucleation
mechanism is attributed to the reduction of Cu ions by the
electrons released during the oxidation of catechol into quinone
moieties upon annealing. The nuclei are quite homogeneously
distributed on the CNT surface, independent of the CNT
diameter. The nuclei diameters range from 13 to 27 nm aer
annealing at 573 and 773 K, respectively, and the particle
density drops from 2.27 � 1010 to 5.7 � 108 particles per cm2,
respectively. The carpets of CNTs coated with Cu-doped Pda
displayed a decrease in resistance quite independent of the
annealing temperature (ranging from 33� 1.3 to 37.6� 12.2%).
This resistance drop upon annealing is attributed to pyridinic
nitrogen formation in the Pda structure. Furthermore, this
variation of resistance is independent of the growth of the
copper particles. We believe that it could be attributed to the
progressive oxidation of copper particles when exposed to air. In
addition, we showed a negative TCR for our metallic CNT
carpet, which is promising for obtaining low TCR Cu–CNT
composites. The easy nucleation of metallic copper particles at
the surface of the CNTs, combined with the negative TCR and
drop in resistance aer so annealing, are particularly prom-
ising material features to fabricate high performance Cu–CNT
composite materials.
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