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The present study investigates the sinergetic role of pH and metal ions promoters (Cu?* and Ni*) in the
tailoring of polydopamine (PDA) functionalization of carbon nanotubes (CNTs) with the ultimate goal of
integration and control of copper matrix composites. We hereby demonstrate that mildly alkaline
conditions combined with the presence of redox-active metal ions significantly enhance the yield of PDA
coating on CNTs surface, by promoting dopamine polymerization via metal-assisted autoxidation and
chelation mechanisms. The use of a catecholamine (PDA) coating and incorporation of metal promoters
like copper and nickel enabled stability of the spraying solution. The effects of the CNTs surface
modifications on the polymerization yield and electrical properties were evaluated. Although PDA reduces
the functionalized CNTs conductivity due to its insulating nature, its role as a versatile interfacial layer is
amplified in the presence of metal ions, which facilitate denser and more homogeneous polymer
deposition. These findings reveal how surface modification enhances copper-carbon interfaces in CNT-
based metal matrix composites, improving composite design and performance for lightweight applications
requiring high current resistance, such as lightning strike protection in aircraft.
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of 5.8 x 10° S em™* and 401 W m™* K" at 27 °C respectively,
is frequently used in lightning protection."® Copper high
density poses, however, a great drawback on the

Introduction

Bringing electrical transport in polymer matrices through

the inclusion of carbon nanostructures such as carbon  performance of the airplane, as the additional copper
nanotubes (CNTs) has been widely described in the  elements increases the overall weight and therefore fuel
literature."” Less has been done on studying the consumption and carbon dioxide emissions. This issue has

incorporation of CNTs in metals and more specifically the led the aviation sector to look into new materials that are

role of carbon-metal interfaces in the thermal/electrical
transport. This aspect is crucial for antistatic or electrical
discharge-related issues occurring in aeronautic applications.
For instance, an airplane is predicted to be struck by
lightning at least once a year on its commercial routes, with
electrical discharges passing 200000 amperes.®® Such
phenomenon poses a major risk to flight security, causing
severe mechanical damage. Hence, prompting the
development of highly efficient lightning strike protection
systems can preserve the structural integrity of the plane.
Copper, notable for its electrical and thermal conductivities,
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capable of offering lightning protection while simultaneously
being lightweight, in order to follow their sustainability
plan.11'13

CNTs inclusion in metal matrix such as copper can
significantly reduce the overall weight of the related
composite while maintaining, or even enhancing, its
electrical conductivity."”> Subramaniam et al described in
2013 the preparation of copper-CNT composites with one
hundred fold increase in the ampacity, the maximum current
a material can carry without overheating and suffering
failure, compared to that of pure copper.'* However,
reproducing these results has proven difficult, the main
reason being the cuprophobic and hydrophobic nature of
CNTs, which hinders their wetting by metals like copper. This
poor wettability leads to phase separation and inadequate
dispersion, ultimately limiting the composite's electrical and
mechanical performance.**™**

React. Chem. Eng.
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To address this issue, recent efforts have been made to
modify the CNT surface aiming to improve its interaction
with copper. The covalent functionalization of CNTs has been
explored as a way to improve CNTs stability, especially
through the use of polydopamine (PDA) coatings that
preserves CNTs intrinsic properties.*®” The introduction of
catechol and amine groups from PDA to the pristine CNTs
surface not only improves the dispersibility of CNTs in water-
based preparation solutions, but also allows further
functionalization of the CNTs surface with other functional
groups.'® The presence of the catechol groups could even
allow the preparation of hybrid surfaces with metal
promoters through chelation reactions, facilitating the
interaction with metal matrices and increasing the range of
application of CNTs on hybrid materials."®

Recent studies have described the successful use of
PDA to improve CNT dispersion in aqueous solutions. Li
et al. demonstrated its effectiveness as a support for metal
and bimetallic nanoparticle synthesis (e.g., Cu, Ni, Cu-Ni),
promoting uniform nucleation and particle stabilization
under thermal treatment.”” Singh et al. reported improved
aqueous stability and multifunctionality of PDA-coated
CNTs, which support their reliable integration into metal
matrices.'® Devadas et al. further emphasized PDA's ability
to modulate surface chemistry and bind metal ions,
reinforcing its value in enhancing interfacial adhesion and
electrical performance in CNT-metal nanocomposites.™
Salomaiki et al. showed that redox-active metals like Ce(wv),
Fe(m), and Cu(u) enable fast PDA nanoparticle formation
at low pH, but lead to differences in nitrogen content
and metal incorporation, with Fe(m) showing the highest
metal retention.”® Duhain et al. developed a compression
system for the preparation of CNT-metal composites with
40% CNT volume using an aqueous electrodeposition
solution, without swelling of the CNT carpet, using
oxidation and dopamine polymerization onto CNTs to
introduce  oxygen-containing functional groups and
promote a uniform dispersion with enhanced copper
wettability.>® While the temperature coefficient of
resistance of the composites improved compared to pure
copper, swelling and depletion of copper were observed in
the regions where mechanical failure occurred, causing a
drop of the ampacity. The incorporation of nickel as a
promoter phase between copper matrix and the CNTs
proved to be successful, as no swelling was observed on
the failure zone of the composites prepared with this
metal.”!

In this study, we explore how surface modification of
CNTs with PDA, promoted by metal ions and modulated by
pH and CNT length, affects polymerization behaviour,
dispersion quality, and copper wettability. By integrating
these parameters, we develop a strategy to engineer high-

performance CNT-copper composites with improved
interfacial bonding, aiming at lightweight, conductive
materials for applications such as lightning strike
protection.
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Experimental
Sample nomenclature

The sample nomenclature used throughout this work is
defined as follows: P and O correspond to pristine and
oxidized CNTs, respectively. CNTs are functionalized with
PDA at pH 3 or 8.5 were labelled CNT@PDA, followed by the
pH value. For the samples functionalized with PDA in the
presence of copper or nickel ions, the label CNT@PDACu or
CNT@PDANI was used, followed once again by the value of
pH at which the reaction occurred. Additionally, the use of
200 or 800 denotes the length of the CNTs, respectively 200
and 800 pm.

Method of preparation

The preparation of self-standing carpets using PDA-
functionalized CNTs was achieved following an adapted
procedure, previously published.”” Commercial multi-walled
CNTs were obtained from NanotechLabs, Inc., with
distinguished 200 and 800 um length. Dopamine
hydrochloride, nitric acid (65%), nickel sulphate hexahydrate,
copper sulphate pentahydrate, sodium hydroxide and PTFE
membrane (Omnipore, 10 um pore size) were bought from
Sigma-Aldrich. Hydrochloric acid (37%, AnalaR NORMAPUR)
was bought from VWR. Tris(hydroxymethyl)Jaminomethane
was bought from Euromedex.

Carbon nanotube oxidation

100 mg of CNTs underwent treatment with 50% nitric acid in
an ultrasonic bath for 30 minutes. Following recovery and
wash, they were dispersed in ethanol and stored for further
manipulation. The ultrasonic treatment was chosen to ensure
even dispersion and uniform modification of CNTs, and
nitric acid's effectiveness in enhancing surface functionality
for subsequent applications.

Functionalization with PDA

After oxidation, CNTs were re-dispersed in a 0.5 mM of
dopamine hydrochloride aqueous solution, and the
dispersion was kept on an ultrasonic bath for 30
minutes to prevent aggregation of the CNTs and promote
the bonding between the monomer and the functional
groups formed on the CNTs surface. After that, a buffer
solution of Tris-HCL pH 8.5 was added to the main
dispersion to augment the pH and kick off the
polymerization reaction of dopamine into polydopamine.
The solution was kept under magnetic stirring at 750
rpm for 24 hours. At the end of the 24 hours, a 1 M
solution of sodium hydroxide was added to the
dispersion to further raise the pH, helping in the
filtration of the functionalized CNTs. Following collecting
and wash, CNTs were dispersed in ethanol and stored
for further manipulation.

This journal is © The Royal Society of Chemistry 2025
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Functionalization with PDA in the presence of metal
promoters

A methodology similar to the previous one was followed for
the preparation of functionalized CNTs with PDA in the
presence of copper or nickel ions, by adding to the dopamine
solution copper sulphate pentahydrate or nickel sulphate
hexahydrate so that the metal salt final concentration
achieves 1.5 mM.

CNTs self-standing carpet preparation

For the preparation of the CNTs self-standing carpets, the
dispersion of CNTs was passed through a vacuum filtration
system paired with a PTFE 10 um pore size filter membrane.
Before the solute fully dried in the membrane, the carpet was
peeled from the filter using tweezers and finally dried in
atmospheric environment.

Characterization

Scanning electron microscopy (SEM) was used to assess the
surface morphology and microstructure of the samples. The
FEI Helio NanolabTM 650 SEM equipment was used at a
working distance of 4 mm and an acceleration voltage of 2 kV.
SEM images were acquired at various magnifications to
investigate the surface characteristics, and the CNTs carpet
thickness was obtained from treatment of multiple cross
sections images of the samples.

X-ray photoelectron spectroscopy (XPS) was used to
determine the elemental composition and chemical states of
the samples, using the Cu 2p, Ni 2p, N 1s, C 1s, and O 1s
photoelectron high resolution spectra. The Thermofisher
Nexsa G2 XPS equipment was run with a monochromatic Al
Ka X-ray excitation source operating at 120 W and using the
400 pm spot mode, all spectra were collected with a 20 eV
pass energy. CasaXPS software version 2.3.26 was used to
perform data quantification and peak fit operations.

Raman spectroscopy was employed to identify the degree
of disorder in the CNT carbon lattice, which revealed vital
information about its structural integrity after all the
treatments done. An inVia Renishaw Raman spectrometer
equipped with a 532 nm laser source was used. Spectra
were collected over the range of 1200 to 1800 cm™ with a
2400 1 mm™' granting resolution in a 5% power
accumulation.

The electrical conduction mapping of the CNTs self-
standing carpet was acquired by the mean of an MFP3D
atomic force microscope (AFM) by Oxford Instrument, UK,
operating in fast force mapping mode with an Asyelec-R2
Iridium coated tip. During the force-distance curves
acquisition, the current was recorded from the output of a
DLPCA-200 transimpedance amplifier (FEMTO, Germany)
with a 1 V bias applied between the sample and the grounded
tip. The sample laid on a stainless steel plate connected to
the AFM adjustable bias output. The maximal value of
current recorded during the force distance curve is used to
create the conductive map. Two sets of mapping are

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

obtained, a 45 x 45 um® with a 32 x 32 pxls® at 2 uN setpoint
to ensure a solid contact and to assess large areas, and a 10 x
10 um® with a 256 x 256 pxls* at 200 nN for a finer mapping
of the surface.

Thermogravimetric analysis was performed using the
NETZSCH TG 209F1 Libra instrument, under an oxidative
atmosphere composed of a mixture of O, and N, gases in a
20/80 ratio. The samples were placed in an open alumina
crucible and the measurement was conducted from 30 °C to
800 °C at a heating rate of 10 °C per minute.

Results and discussion

CNTs have characteristically low reactivity due to absence of
functional surface groups, which are required for dopamine
bonding. This lack of reactive sites is the main cause of its
hydrophobic behaviour. To address this, a preliminary
treatment of the CNTs is necessary to introduce oxygen-
containing reactive groups at the CNT outer surface, which
improve the wettability and therefore the bonding of the
CNTs surface with the monomer and polymer during
functionalization. Among the different approaches that have
been described for this end, a controlled acidic treatment,
such as using a sulphuric and/or nitric acid mixtures to
oxidize the CNTs for short periods of time (15 min to 48 h,
with a maximum threshold of 2 days being established for
CNTs self-standing carpet preparation), has proven its
efficiency.>*>*

In this study, we started by a mild oxidation step
(involving the treatment of CNTs with nitric acid at room
temperature and for 30 minutes) to ensure an improved
dispersion stability of the treated nanotubes by charges
repulsion.”® While a low concentration of acidic sites is
expected, a positive impact on the polymerization yield has
already been reported.””>° Compared to stronger oxidation
conditions, the mild oxidation process avoids the creation of
CNTs lattice defects. SEM images of the pristine and oxidized
CNTs, shown in Fig. 1la-c, revealed no significant
morphological differences among the samples.

These results were further corroborated by XPS analysis,
as the CNTs chemical composition was also unaffected by
the treatment with nitric acid, as shown in Fig. 1h. The C 1s
spectra remained mainly unchanged for both pristine and
oxidized CNTs, supporting the controlled and selective
character of the oxidation process, while it is observed in
strong oxidation conditions an increase on the peak
shoulder.®* However, in our case there is no evolution in the
asymmetric profile (peak tail shape) where the contributions
of carbon bonding to oxygen are generally identified, nor
significant alterations to the carbon sp® peak, suggesting
limited functional group formation and minimal changes on
the graphitic structure. Finally, some authors describe that a
strong oxidation of CNTs by acidic treatment could lead to
the removal of metallic particles, normally used as catalytic
nuclei during CNT growth.””*® This particles were observed
inside the CNTs during high-resolution transmission electron

React. Chem. Eng.
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Fig. 1 Scanning electron microscopy images of pristine (a), oxidized (b) and PDA-functionalized (c) 200 um CNTs. Picture (d) of dispersion of
200 um CNTs functionalized with PDA at pH 3 (left) and pH 8.5 (right) after 48 h. Transmission electron microscopy image of an oxidized 200 um
CNT (e), and identification of two energy dispersive X-ray analysis areas, namely the CNT wall (blue dot) and catalytic particle (red dot) with
corresponding spectrum (f). Raman spectroscopy spectra (g) of 200 and 800 um pristine and oxidized CNTs. C 1s X-ray photoelectron
spectroscopy (XPS) spectra of pristine (—), oxidized (- - -) and pH 3 PDA-functionalized (-- - -) 200 (h) um CNTs.

microscopy (Fig. 1le), and analysing the area by energy-
dispersive X-ray allowed us to identify those structures as
iron clusters, confirming the absence of any severe
modification of the CNTs (Fig. 1f). This is further observed
when comparing the Raman spectra of pristine and oxidized
CNTs, as there is no increase on the I/I; ratio as well as the
lack of the D' peak (second order scattering defects on the
graphitic layer), as shown in Fig. 1g.>”>%?°

The next step focused on investigating CNTs-PDA
interface. CNTs with two different lengths were
functionalized using dopamine as monomer for PDA
polymerization.*® This process is kicked-off by the auto-
oxidation reaction of dopamine in the presence of oxygen.
However, this reaction is highly dependent on the pH of the
environment, as at basic pH the catechol auto-oxidation

React. Chem. Eng.

reaction outcompetes the oxygen reduction, therefore
favouring PDA formation.>’ In the presence of CNTs, PDA
was polymerized at the optimal pH of 8.5. At this pH,
polymerization is initiated by the oxidation of catechol to
quinone, without triggering over-oxidation caused by excess
hydroxyl ions. The pH also helps maintain a zwitterionic
structure, which promotes oligomer stability.>**> A second
polymerization was studied at pH 3. The dispersion of CNTs
functionalized with PDA at a pH 8.5 showed a macroscopic
stability until three weeks, while the CNTs functionalized
with PDA at pH 3 dispersion went through a phase
separation after 48 hours, as observed in Fig. 1d.

The presence of PDA in both samples was verified through
the chemical characterization of the functionalized CNTSs
(Table 1). Comparing the composition of the pristine and

This journal is © The Royal Society of Chemistry 2025
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Table 1 Elemental composition based on XPS spectra of C 1s, O 1s,
N 1s, Cu 2p and Ni 2p for 200 and 800 um length pristine CNTs (named
P in the table), oxidized CNTs (O), CNTs functionalized with PDA at pH 3
and 8.5 (CNT@PDA_3, CNT@PDA_8.5), and CNTs functionalized with
PDA in the presence of copper and nickel ions at pH 3 and 8.5
(CNT@PDACu_3 and _8.5, CNT@PDANi_3 and _8.5). The abbreviation na
(non-applicable) remarks the absence of a species

CNT

length  Sample Cat% Oat% Nat% Cuat% Niat%

200 um P 98.8 1.0 na na na
O 98.1 1.6 na na na
CNT@PDA_3 96.1 3.1 0.7 na na
CNT@PDA_8.5 84.2 11.2 4.0 na na
CNT@PDACu_3 88.0 8.3 1.1 1.3 na
CNT@PDACu_8.5 67.6 21.6 7.2 3.0 na
CNT@PDANI_3 64.6 24.3 4.6 na 6.5
CNT@PDANI_8.5 49.8 30.8 4.5 na 14.9

800 ym P 98.4 1.5 na na na
(@) 98.6 1.2 na na na
CNT@PDA_3 96.2 2.9 0.7 na na
CNT@PDA_8.5 771 16.0 6.6 na na
CNT@PDACu_3  92.1 5.8 1.2 0.8 na
CNT@PDACu_8.5 67.3 21.1 8.2 3.2 na
CNT@PDANI_3 62.5 26.2 5.4 na 6.1
CNT@PDANI_8.5 52.2 28.9 5.2 na 13.6

oxidized CNTs to the one of CNTs functionalized with PDA,
an increase in the oxygen and nitrogen atomic percentage is
observed whatever the pH. This hints that the CNTs surface
is coated with molecules containing these atoms after
polymerization, likely polydopamine. The effect of the pH on
the polymerization process is also confirmed in the elemental
composition of the CNTs, as the percentage of oxygen and
nitrogen is higher for the CNTs functionalized with PDA at a
pH of 8.5, in accordance with the registers from
literature.>*>>

High resolution C 1s and N 1s XPS spectra of the
samples processed at pH 3 and 8.5 are shown in Fig. 2. The
components identified in the C 1s spectra of both CNTs
functionalized at pH 3 and 8.5 can be identified as C=C
(observed at binding energy (B.E.) of 284.5 eV), C-C/C-H
(B.E. = 285.0 eV), C-O/C-N (B.E. = 286.4 eV), C=0/C=N
(B.E. = 287.9 eV) and O=C-O-H (B.E. = 289.0 eV).>**" At an
acidic pH, there is a decrease in the contributions of
carbon-oxygen and carbon-nitrogen bonding. Furthermore,
the absence of an increase in the shoulder of the C 1s
spectrum peak suggests the polymerization yield is hindered
at this pH, as observed in Fig. 1h. PDA is mainly composed
of dopamine derived and indole/indoline
structures, which could be identified in the N 1s core level
spectra as secondary amine (B.E. = 400.0 eV), having the
main contribution, and two other peaks related to R-NH;"
(B.E. = 401.6 eV) and tertiary amine (B.E. = 398.7 eV).>**?
The high contribution of the secondary amine allows to
identify the main polymer building block as indole/indoline
structures formed by ring closure due to oxidation of the
dopamine/dopamine quinone, which has also been
previously reported by Hemmatpour et al.'>'>*?

structures

This journal is © The Royal Society of Chemistry 2025
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To confirm the pH effect on the polymerization of PDA on
the surface of CNTs, thermogravimetric analysis
conducted (Fig. 3). The weight loss was followed as a
function of the temperature under oxidative conditions. All
degradation steps were identified using the derivative of the

was

thermogravimetric curves, so that the temperatures
corresponding to the key degradation points were
extrapolated.

CNTs exhibited a significant thermal stability, displaying a
one-step degradation process involving the breakage of the
carbon lattice and the disruption of the n-conjugation,
reaching a degradation temperature of 648 °C, regardless of
length (Fig. 3a-c). Dopamine, on the other end, showed a
multi-step process degradation with lower thermal stability
when compared to CNTs. This process first involves the
desorption of water molecules up to 240 °C, followed by the
degradation of the catechol group until 310 °C and the amine
group up to 370 °C, with the remaining carbonaceous
material combusted up to 615 °C. Likewise, the PDA polymer
follows a similar degradation pathway, characterized by the
same steps but occurring at lower temperatures and with
different weight contributions for each functional group. The
observed temperature of degradation steps for both DA and
PDA are in line with existing literature reports.>***

When CNTs are functionalized with PDA, the degradation
process is composed by two main steps. At
temperatures, it is possible to identify a first degradation,
which was associated with the polymer degradation due to its
lower thermal stability. The degradation of polymeric
functional groups is succeeded by the degradation of
carbonaceous materials at elevated temperatures, wherein
both the degradation of carbon nanotubes and the polymer
carbon lattice is quantified. If we compare the derivative
curve for pristine CNTs and CNTs@PDA, it is possible to
understand a decrease in the temperature of degradation of
the carbonaceous materials, as the adsorption of polymer on
the surface of the CNTs causes the covering of the carbon
lattice and therefore less entanglement between CNTs,
resulting in a less thermally stable material.**

To assess the impact of the CNTs length on the
polymerisation yield, we used the model designed by Peigney
et al,” that relates the number of walls and the outer
diameter of the CNT with its specific surface area (SSA). The
full calculation procedure and formula are provided in the SI.
Based on this model and using the structural data obtained
from TEM characterization of oxidized CNTs, we estimated
the SSA of 83 m* g and 59 m” g™* for 800 um and 200 um
CNTs respectively. The CNTs characteristics that were used to
calculate the SSA are presented in Table 2. These values were
obtained from the processing of TEM images of at least 5
individual CNTs per sample, which were included on the SI
of this paper. For each CNT, ten measurements were taken
along the length to determine an average number of walls
and the observed variation.

It is important to clarify that the difference on SSA
that we report arises from the structural characteristics of

lower
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Fig. 2 High-resolution C 1s core level spectra of 200 pm CNTs functionalized with (a) PDA at pH 3 and (b) PDA at pH 8.5, 800 um CNTs
functionalized with (e) PDA at pH 3, (f) PDA at pH 8.5. High-resolution N 1s core level spectra of 200 um CNTs functionalized with (c) PDA at pH 3
and (d) PDA at pH 8.5, 800 um CNTs functionalized with (g) PDA at pH 3 and (h) PDA at pH 8.5.
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Fig. 3 Thermogravimetric analysis (TGA) showing weight loss

percentage (solid line, left axis) and its derivative (dotted line, right
axis) for pristine (@) 200 pm CNTs, (b) pristine 800 um CNT, (c)
dopamine monomer, (d) polydopamine, (e) 200 um and (f) 800 um
CNTs functionalized with PDA at pH 8.5. The analysis was performed
under nitrogen and oxygen atmosphere at 80/20 ratio, at a
temperature range of the analysis between 25 °C and 800 °C, in a
temperature slope of 30 °C per minute.

the CNTs, ie. the fewer number of walls and the smaller
diameter, and not the length of the CNTs itself. While the
longer CNTs exhibited higher estimated SSA values, this
result stems from their smaller average outer diameter and
lower number of walls. These values are consistent with
the expectations for multi-walled CNTs with large
diameters and high wall numbers, for which the SSA
typically lies well below 100 m> g™, in contrast to the
much higher values often reported for pristine single- or
double-walled CNTs. Finally, according to literature, a
lower number of walls, i.e. outer diameter, correlates with
an augmented specific surface (SsA), which
consequently offers an increased number of reactive sites

area

for the deposition of polydopamine (PDA), thereby
facilitating a greater loading of uniformly applied
polymeric coatings. This phenomenon elucidates the

observed enhancement in the yield of polymerization,

View Article Online
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which is intrinsically linked to the elevated SSA
characteristic of the 800 pm carbon nanotubes (CNTSs).

PDA possesses insulating behaviour when compared to
CNTs, so it is expected that PDA-functionalized CNTs show
lower conductivity when compared to pristine or oxidized
CNT."” This was confirmed by conductive AFM
measurements shown in Fig. 4, which resumes the statistical
treatment of the conductive mapping. It was observed that
the longer CNTs showed a higher conductivity originated by
the increased probability of an individual CNTs to bridge
with its neighbours and reinforcing the conduction pathway.

In general, the samples - pristine, oxidized, PDA-
functionalized CNTs and PDA-functionalized CNTs in
presence of copper ions - presented a heterogeneous

behaviour, as observable by the data distributions. The
average conductivity of the PDA-functionalized CNTs
decreased when compared to its pristine nature, as shown by
the decrease of the maximum absolute current in the
histograms. The decrease of the average conductivity of the
samples points to a greater and/or even more homogeneous
distribution of PDA deposits on the surface of CNTs. These
results support the hypothesis that the pH level has a
significant role in PDA polymerization yield, since CNT
samples functionalized with PDA at pH 8.5 demonstrated
lower conductivity compared to samples functionalized at pH
3. Moreover, it can be seen in Fig. 5 that the intrinsic
conductivity of the CNTs was not affected after the oxidative
process.

Although PDA is intrinsically insulating and even locally
reduces the conductivity of CNTs, its use in CNT-Cu
composites has a more extensive purpose. Firstly, it has been
shown that PDA improves CNT dispersibility and stability in
aqueous media, which is essential for achieving uniform
deposition during the controlled CNTs self-standing carpet
elaboration step prior to electroplating. Moreover, PDA
introduces functional groups, such as catechol and amines,
which allow strong complexation bonding with metal ions
like Cu*" or Ni*". This enables uniform metal nucleation and
growth along the CNT surface, promoting robust interfacial
bonding with the copper matrix."”*>?® This improved
interface is pivotal for minimizing contact resistance and
enhancing both electrical and mechanical properties of the
perspective CNT-metal composite. Hence, despite its
insulating nature, PDA acts as a key interfacial layer that
enhances the overall conductivity, durability, and thermal
stability of the resultant composite,'”**3%3”

The presence of metal ions in the solution during CNTs
functionalization can impact the PDA polymerization process.
It has been described in literature that metal ions can act as
coordination nuclei for PDA molecules in solution.***” To

Table 2 Characteristics of CNTs used on specific surface area (SSA) calculation

Length (um) Diameter (nm) Number of walls Specific surface area (m* g™")
200 45 + 13 28 59
800 24 +10 23 83

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 High-resolution X-ray photoelectron spectroscopy (XPS) C 1s (a), N 1s (b) and Cu 2p (c) core level spectra of 200 um CNTSs functionalized
with PDA in presence of copper sulphate at pH 8.5, C 1s (d), N 1s (e) and Cu 2p (f) core level spectra of 800 um CNTs functionalized with PDA in
presence of copper sulphate at pH 8.5, C 1s (g), N 1s (h) and Ni 2p (i) core level spectra of 200 um CNTs functionalized with PDA in presence of
nickel sulphate at pH 8.5, C 1s (j), N 1s (k) and Ni 2p (l) core level spectra of 800 um CNTs functionalized with PDA in presence of nickel sulphate

at pH 8.5.

address this matter, PDA polymerization was carried out in
the presence of copper ions, because of their crucial role in
the perspective CNTs-Cu composite preparation by enhancing
the adhesion, promoting uniform copper deposition on CNTs
surface and overcoming CNTs cuprophobicity.'**®
Additionally, nickel ions were also considered in this study,
as this metal has previously been reported to act as
cuprophobicity mitigator.'™"

As shown in Table 1, the samples functionalized in the
presence of metal promoters showed increased

React. Chem. Eng.

contributions of carbon binding to nitrogen and oxygen,
suggesting an improvement on the polymerization yield
(Fig. 4).**"** This hypothesis is further supported by the
electrical behaviour of the samples depicted in Fig. 5,
showing an decrease in electrical conductivity. This trend
is linked to the role of the metal promoters on the
chelation  of  solubilized  polymer  during  PDA
polymerization, which is believed to intensify the reaction
and consequently lead to a higher polymerization yield.
The N 1s core level spectra showed an increase on the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Distribution of current measured by C-AFM for 200 (a) and 800 (b) um pristine CTNs, CNTs functionalized with PDA at pH 3 and 8.5, and in
the presence of copper and nickel ions. Weighted average current values (c) of 200 and 800 pum pristine and oxidized CNTs, as well as CNTs
functionalized with PDA at pH 3 and 8.5, and as well in the presence of copper and nickel ions. Error bars represent the standard deviation from
six independent measurements per sample.

contributions of R—N-R, which can be an indicator of contributions of the secondary amine present on the
trapping of simpler building blocks containing primary  spectra of CNTs functionalized with PDA without metal
amines (amine and quinone), when compared to the  promoters.
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Fig. 6 Thermogravimetric analysis (TGA) (full line) and its derivative weight loss percentage (dotted line) curves for pristine 200 um CNTs,
pristine 800 um CNT, dopamine monomer, polydopamine synthetized in the presence of copper sulphate at pH 8.5, 200 um and 800 pm CNTs
functionalized with PDA synthetized in the presence of copper sulphate at pH 8.5, polydopamine synthetized in the presence of nickel sulphate
at pH 8.5, 200 um and 800 um CNTs functionalized with PDA synthetized in the presence of nickel sulphate at pH 8.5. Residual weight
percentage after thermal degradation is also presented as the baseline of the TGA at dotted red. The analysis was performed under nitrogen
and oxygen atmosphere at 80/20 ratio, at a temperature range of the analysis between 25 °C and 800 °C, in a temperature slope of 30 °C per
minute.
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The Ni 2p spectrum revealed a broad singlet peak at
855.9 eV and a satellite structure centred around 861.8 eV,
attributed to the nickel hydroxide species. The copper
spectrum showed two main peaks at 933.2 eV and 934.8 eV
and their associated Cu®" satellite features (B.E. = 948-
936.0 eV range), attributed to copper oxide and hydroxide
species respectively.*>™' Literature reports suggest that
metals can not only act as an activator on the
autooxidation of catechol, competing with oxygen and
secondary radicals, but also as a chelation agent
responsible for formation of complexes with polymeric
structures that are dispersed in solution during the
polymerization.*®*” This phenomenon is associated to
higher PDA deposition yields, as the chelation of the
dispersed polymer allows its linking to the already
deposited  film."® Chemical characterization by XPS
indicated that copper and nickel hydroxide are present in
the polymeric film, which is consistent with the side
reaction between the metal sulphates and sodium
hydroxide during the polymerization of PDA.>>

The PDA polymerisation and the inclusion of metal
promoters were investigated by thermogravimetric analysis of
the PDA functionalized CNTs (Fig. 6). It showed that the
polymer still follows a general multistep degradation process
typical of complex polymers. The desorption of water
molecules from the polymeric matrix is the first weight loss
observed, which occurs until 255 °C. Like the monomer, the
polymer suffers hydroxyl loss in a range of temperatures
quite similar, in this case between 255 and 365 °C. The
amine moiety of the polymer is degraded until temperatures
of 495 °C, after which the carbon materials carbonization is
observed. The main weight loss is associated to the
degradation of graphitic lattice, at a temperature of 500 °C.
Above 700 °C all carbonaceous materials have been degraded,
and the remaining residues correspond to the metallic ions
loaded in PDA.

Comparing the residual weight of the polymer synthesized
in the presence of metal ions (PDACu and PDANi) with the
corresponding functionalized CNTs introduced further
insights into the effectiveness of polymerization and metal
ion incorporation as dependent on the CNTs length. The
values of residual weights correspond to residual non-volatile
species that were entrapped in the polymeric matrix.
However, it was observed that copper-related residual weight
percentage (11%) is slightly higher than nickel one (7%), due
to Cu-NH, chelation. This phenomenon will be further
detailed on coming studies.

From the presented results, it can be inferred that in an
acidic environment, both chemical and electrical
characterizations indicate that the PDA polymerization is
insufficient to change the CNTs surface chemistry or
electrical properties. This is supported by the low nitrogen
and oxygen content observed by XPS and a conductivity not
very different from pristine CNTs one observed in the C-AFM
measurements. In contrast, at basic pH, dopamine undergoes
a more effective polymerization, resulting in higher PDA

React. Chem. Eng.
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content loaded to the CNTs. This is confirmed by enhanced
N and O contributions on XPS, a great weight loss in TGA,
and a significant decrease in the conductivity with respect to
pristine CNTs. This enhancement in polymerization is
further boosted by the presence of metal ions during the
polymerization process, that act as polymerization promoters.
The samples functionalized with PDA in the presence of the
metal promoters exhibited higher PDA content, as shown by
the further reduction in conductivity observed in C-AFM, and
the reinforced chemical shifts observed in XPS. The
complementary results indicate a significant correlation
between the pH-dependent polymerization process and the
impact on the electrical performance of the functionalized
CNTs thereby establishing the relevance of our methodology
within  the electroplated  copper-carbon
composites.

domain of

Conclusions

This study unveils how the dopamine polymerization process
on CNTs surface is affected by the presence of redox-active
metal ions (Cu®', Ni*") and the pH environment (acidic versus
mildly alkaline), with focus on enabling an effective surface
functionalization for improved wettability and metal affinity
of CNTs.

A mild nitric acid oxidation was shown to preserve the
structural integrity of the CNTs while introducing reactive
sites. It is noted that longer CNTs presented a higher specific
surface area (SSA), due to their lower number of walls and
smaller diameter when compared to the shorter CNTs used
in this study. Our results confirmed that pH 8.5 optimally
supports dopamine polymerization by promoting catechol
oxidation, which is suggested to create oligomer stability and
a more effective functionalization of the CNT surface. This
phenomenon was further intensified in the presence of metal
ions promoters. Copper ions, in particular, acted as chelating
agents, bridging solubilized PDA and deposited PDA films,
while nickel also facilitated wettability improvements, whose
mechanistic role still requires further investigation.

These findings emphasize that the precise tuning of the
oxidation level, CNT morphology, reaction pH and metal ion
content allows for a fine control over the polymerization
efficiency, PDA yield, and overall interface chemistry. This
control is the key parameter to mitigate CNT hydrophobicity
and cuprophobicity, both critical gate keys in the perspective
to achieve robust interfacial bonding in CNT-Cu composites
for high ampacity applications.

Finally, we report the formation of an intermediary
species with a carbide bonding nature between carbon and
metals ions used during functionalization. This suggests a
strong interfacial interactive effect, with implications for
enhancing composite stability and electrical behaviour.
Overall, this work provides a foundational strategy for
tailoring the CNTs surface via pH-metal assisted PDA
polymerization, offering pathways toward high-performance,
lightweight  composited  with  controlled electrical,

This journal is © The Royal Society of Chemistry 2025
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mechanical, and interfacial for advanced

technological applications.
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