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Introduction

Proper incorporation of carbon nanotubes (CNTs) in a copper matrix is of great interest as CNT/Cu composites have the potential to face the limitations of pure copper in terms of electrical and thermal properties. The best-known example of these limitations concerns electronics. In the race for device miniaturization and densification in order to transport, process and analyze more and more data, pure copper will not be suitable anymore in the near future. CNTs combine high surface, low density and remarkable electronic properties. Electrical current density (defined as the current flowing through a conductor per unit cross-sectional area of the conductor) of singlewalled CNTs (SWCNTs) and double-walled CNTs (DWCNTs) are of around 10 9 A cm -2 and 10 8

A cm -2 1-4 , respectively is 100 times higher than that of bulk Cu. CNTs have hence attracted great attention because their combination with copper has a high potential to become an efficient way to overcome copper limitations. Considering they combine exceptional characteristics of few-wallnumber with the advantage to keep the inner tube intact in case of eventual damage to the outer wall, DWCNTs are considered as a particularly interesting class of CNTs [START_REF] Venkataraman | Carbon Nanotube Assembly and Integration for Applications[END_REF][START_REF] Yekeen | Influence of Critical Parameters on Nanoparticles-Surfactant Stabilized CO2 Foam Stability at Sub-Critical and Supercritical Conditions[END_REF] . Unfortunately, copper has a well-known very weak affinity with carbon-based materials. Consequently, proper integration of the carbon-based materials with a uniform distribution within a copper matrix and good interface interactions remains challenging. Besides, this very weak affinity avoids the formation of defined compounds at the CNT/Cu interface.

It is well stablished that the selection of the fabrication process could greatly impact the properties of the outcome CNT/Cu composites [START_REF] Hannula | Carbon Nanotube-Copper Composites by Electrodeposition on Carbon Nanotube Fibers[END_REF] . Nowadays the two main technologies used for fabricating CNT/Cu composites are powder processing and electrochemical deposition. In powder metallurgy, the two powders of metallic Cu and CNTs are mixed together by ball milling 8 or ultrasonication [START_REF] Arnaud | High Strength -High Conductivity Double-Walled Carbon Nanotube -Copper Composite Wires[END_REF] , followed by compaction (sintering [START_REF] Nayan | Processing and Characterization of Spark Plasma Sintered Copper/Carbon Nanotube Composites[END_REF] , hot pressing [START_REF] Mendoza | Mechanical and Electrical Characterization of Cu-2wt.% SWCNT Nanocomposites Synthesized by in Situ Reduction[END_REF][START_REF] Lim | The Effects of Interfacial Bonding on Mechanical Properties of Single-Walled Carbon Nanotube Reinforced Copper Matrix Nanocomposites[END_REF] ). The main limitation of this processing approach is the poor adhesion between the CNT surface and Cu leading to nonuniform composites after compaction; the CNTs forming large agglomerates instead of a good embedding within the copper matrix [START_REF] Hannula | Carbon Nanotube-Copper Composites by Electrodeposition on Carbon Nanotube Fibers[END_REF][START_REF] Wang | An Electrodeposition Approach to Obtaining Carbon Nanotubes Embedded Copper Powders for the Synthesis of Copper Matrix Composites[END_REF] . Moreover, these CNT/Cu composites shaped as macroscopic pellets [START_REF] Sharma | Friction Sintering of Copper Powder Using a New Rapid, Cost Effective and Energy Efficient Process[END_REF] or wires [START_REF] Gao | In-Situ Graphene Enhanced Copper Wire: A Novel Electrical Material with Simultaneously High Electrical Conductivity and High Strength[END_REF] are not suitable for microscale composite structures required for many current electronic devices. On the other hand, the electrodeposition process is a low cost, easy operation and well-controlled method which allows the formation of homogeneous and largerange thickness films of metal on any surface [START_REF] Arai | Fabrication of Three-Dimensional (3D) Copper/Carbon Nanotube Composite Film by One-Step Electrodeposition[END_REF][START_REF] Jayathilaka | A Review of Properties Influencing the Conductivity of CNT/Cu Composites and Their Applications in Wearable/Flexible Electronics[END_REF] . The properties of composites, such as CNT content and particle size can be easily controlled during deposition by varying the electrolyte chemistry, electrical regimes, etc. For example, the surface morphology of the films is affected by the current density. For example, a relatively smooth surface can be obtained at a low current density [START_REF] Bazbouz | Fabrication of High Specific Electrical Conductivity and High Ampacity Carbon Nanotube/Copper Composite Wires[END_REF] . Co-deposition of CNTs and copper in a one-pot process to form CNT-Cu films [START_REF] Raja | Electrodeposition of Cu-SWCNT Composites[END_REF] stands for a very attractive approach since it has the potential to lead to an homogeneous distribution of the CNTs and strong interface interactions between the CNT surface and copper [START_REF] Wang | An Electrodeposition Approach to Obtaining Carbon Nanotubes Embedded Copper Powders for the Synthesis of Copper Matrix Composites[END_REF][START_REF] Kazimierska | Understanding the Effect of Carbon Nanotube Functionalization on Copper Electrodeposition[END_REF][START_REF] Arai | Cu-MWCNT Composite Films Fabricated by Electrodeposition[END_REF] . A successful preparation of homogeneous CNT/Cu composites by co-electrodeposition strongly depends on the quality of the CNT dispersion in the plating solution. Indeed, CNTs are hydrophobic by nature and strongly tend to agglomerate into clusters because of attractive van der Waals forces between them. To improve the wettability of the hydrophobic surface of the tubes and to uniformly disperse them, it exists two common routes. The CNTs can be covalently functionalized. In that case, the introduced surface groups help to improve their dispersion in aqueous solvents. However, as is well known, covalent functionalization introduces defects in the CNT structure which diminishes their intrinsic properties and impedes an optimized benefit of their electrical conductivity in the final composite [START_REF] Banerjee | Covalent Surface Chemistry of Single-Walled Carbon Nanotubes[END_REF][START_REF] Hirsch | Functionalization of Single-Walled Carbon Nanotubes[END_REF][START_REF] Peng | Functional Covalent Chemistry of Carbon Nanotube Surfaces[END_REF][START_REF] Wang | Optimum Degree of Functionalization for Carbon Nanotubes[END_REF][START_REF] Singh | Carbon Nanotube Surface Science[END_REF] . A less destructive and simpler method to disperse CNTs and stabilize their suspension in aqueous media is based on the use of surfactants.

The surfactants help in decreasing the surface tension and free energy at the interface between the nanotubes and the electrolyte solution.

Ionic surfactants (sodium dodecylbenzene sulfonate (SDBS), sodium dodecyl sulfate (SDS), or hexadecyltrimethylammonium bromide (CTAB)) have been mostly used to disperse CNTs in past co-deposition works [START_REF] Roslyk | Influence of Surfactants on Copper-CNTs Electrodeposition[END_REF][START_REF] Jung | Ionic-Liquid Doping of Carbon Nanotubes with [HMIM][BF4] for Flexible Thermoelectric Generators[END_REF] . In literature, non-ionic surfactants are seldom studied to disperse properly CNTs and used to form CNT/Cu composite by co-electrodeposition.

In previous works, scholars focused their studies mostly on functionalized multi-walled CNTs (MWCNTs) and SWCNTs and their dispersions with ionic surfactants. To the best of our knowledge, DWCNTs dispersed with Pluronic-P123 have not been co-electrodeposited with copper yet [START_REF] Jayathilaka | A Review of Properties Influencing the Conductivity of CNT/Cu Composites and Their Applications in Wearable/Flexible Electronics[END_REF] .

In this work, we have dispersed high-stability purified DWCNTs in a copper sulfate electrolyte with the help of surfactants. Different kinds of surfactants, including anionic and nonionic, have been investigated by varying the DWCNT/surfactant ratio. The dispersion quality depending on the used surfactant and the CNTs and the surfactant concentration has been evaluated by direct visual observations, optical microscopy (OM) and ultraviolet-visible (UV-visible) spectrophotometry. The behavior of the prepared DWCNT dispersions in the copper sulfate solution (at pH 1) is discussed based on the inter-CNT forces occurring depending on the nature of the wetting-agent. Interestingly, the hydrophilic-lipophilic balance (HLB) of the used surfactants allows to strengthen the comprehensible mechanism proposed. A selected DWCNT dispersion because of its greater dispersion quality was used to co-electrodeposit the purified DWCNTs and copper. The obtained samples were first characterized by Raman spectroscopy.

From Thermogravimetric analysis (TGA), we showed that a significant amount around 4.9 vol.% of DWCNTs was introduced within copper under its metallic state, confirmed by X-ray diffraction (XRD). Transmission and Scanning electron microscopy (TEM and SEM) served to put into evidence that undamaged DWCNTs are well embedded within the copper matrix. This work hence furnishes an innovative approach for a successful introduction of DWCNTs in copper matrix.

Materials and methods

Materials

The DWCNTs studied in this work were synthesized by a Catalytic Chemical Vapor Deposition (CCVD) process at the Centre Inter-Universitaire de Recherche et d'Ingénierie des Matériaux (CIRIMAT, Toulouse, France). Co and Mo were used as catalysts. The average diameter of the used DWCNTs is between 1.4 and 2.0 nm and their length up to 10 µm [START_REF] Flahaut | Gram-Scale CCVD Synthesis of Double-Walled Carbon Nanotubes[END_REF] .

The protocol to prepare the Cu 2+ /sulfuric acid (H2SO4) solution (hereafter named the copper ion solution) was the following: first, 1 L of H2SO4 at 0.05 M (pH 1) was prepared by diluting 2.81 mL of 98 % H2SO4 in water. Then, 125 g of a copper sulfate pentahydrate (CuSO4, 5 H2O) salt were added to achieve the desired final copper concentration of 0.5 M. Pluronic-P123 (P123), Triton X-100 (TX100) and Sodium Dodecyl Sulfate (SDS) were purchased from Sigma Aldrich (Germany) and used as received.

Experimental set-up

Pristine DWCNTs were firstly purified by a chlorine gas-based method [START_REF] Desforges | Dramatic Enhancement of Double-Walled Carbon Nanotube Quality through a One-Pot Tunable Purification Method[END_REF] , the experimental conditions are given in Figure S1 and Table S1, Supporting Information.

The purified DWCNTs were thereafter dispersed in the copper ion solution by using 3 different surfactants. First, for each surfactant, a mother solution of 4 wt.% of surfactant in the copper ion solution was prepared. The solutions were stirred for 16 h and let to settle for 12 h before their use.

Then, the solutions were diluted until the desired surfactant concentration was achieved. Therefore the powdered DWCNTs purified was added to the surfactant/copper ion solution mixture and eventually diluted to prepare the samples listed in Table 1. To disperse the DWCNTs, the mixtures were stirred for 60 min in 1 s pulse mode at 35 % amplitude using a Cole-palmer 500-Watt ultrasonic probe. Then, the samples were directly observed by optical microscopy to follow their dispersion state. Table 1. DWCNT dispersion in the copper ion solution prepared with Pluronic-P123 (P123), Triton X-100 (TX100) and SDS as surfactant with the DWCNT/surfactant ratios. Once the OM analysis concluded, the samples were left to settle during 10 days to evaluate the dispersion endurance. OM observations were carried out with an Olympus TH4-200 BXS1 microscope. A drop of the DWCNT dispersion was deposited on a glass slide where a cover glass was first disposed, a second cover glass was placed on the sample so that the sample thickness can be chosen to optimize the observation quality. For simplification purpose, only the optical objective x10 was used. The shown OM micrographs of the DWCNT dispersions are those taken after 60 min of sonication.

Electrochemical deposition of DWCNT/Cu composites

DWCNT/Cu composites were co-electrodeposited from a copper ion solution containing 0.1 wt.% of DWCNTs stabilised with 2.0 wt.% of Pluronic-P123 using a copper rod electrode (d=0.635 cm, Goodfellow) as cathode and a platinum mesh as anode. Sulfuric acid was added to prevent the formation of copper oxides and adjust the electrolyte conductivity. Such a solution was stable for 8 weeks as observed with the naked eye.

To produce a homogenous suspension of DWCNTs in the electrolyte, the mixture was ultrasonically stirred for 60 min in 5 s pulse mode at 20 % amplitude using a Cole-Parmer 500-Watt ultrasonic homogenizer before the electrochemical co-deposition. To limit the intrinsic tendency of CNTs to agglomerate even over a short time, the plating solution was gently stirred during electrodeposition. Stirring ensures also the constant availability of copper ions in the vicinity of the surface of the working electrode.

Electrodeposition was carried out at room temperature in galvanostatic mode (IviumStat, Ivium Technologies) with a cathode current density varying in the 21.2 -116 mA cm -2 range till complete reduction of copper ions in 1000 steps. The optimal current density was selected at -69.6 mA cm - 2 and the effect of added Pluronic-P123 surfactant and DWCNTs on the electrodeposition process was analysed and further discussed. A homemade electrolytic cell, a glass sample vial (internal dimension of 27.1 mm) with a snap closure lid was used for all depositions. The volume of the plating bath was 10 cm 3 . The holes were cut in the lid to allow the vertical insertion of electrodes.

Additional vent holes were also cut to allow the excess of forming gases to escape from the cell.

All potentials reported in this study are referred to Ag/AgCl/1.0 M KCl (0.222 V vs. SHE). The DWCNT/Cu composite powders were obtained by manual scraping from the cathode, a few powders were located at the cell bottom due to continuous agitation. Both powders were mixed together, filtered and thoroughly rinsed with deionized water, followed by drying in an oven at 80 °C overnight.

For comparison purpose, pure copper powders were also fabricated with the same electrolyte and the same deposition operating conditions but without adding the DWCNTs or DWCNTs and surfactant mixture to the copper ion solution.

OM, TEM and TGA analyses were carried out to analyze the DWCNT samples after purification and dispersion. Raman spectroscopy, TGA, XRD, TEM and SEM were used to further characterize the electrodeposited DWCNT/Cu samples. The experimental conditions used for each analysis are described below.

For the TEM observations, the raw and the purified DWCNTs and the DWCNT/Cu composite powder were dispersed in ethanol and gently sonicated in a sonication bath for 5 min. A droplet of the prepared DWCNT dispersion was then deposited on a copper grid covered with a holey amorphous carbon film (200 mesh size) provided by Delta Microscopies. The TEM micrographs were obtained in bright field mode using a JEOL JEM-ARM 200F apparatus quipped with a spherical aberration (Cs) probe corrector working at an accelerating voltage of 80 kV. In this work, the TEM figures were prepared with selected DWCNT images representative of each sample from a batch of ca. 30 images obtained at different places randomly selected on the TEM grid for the same sample.

SEM was carried out with a ZEISS Gemini SEM 500 equipped with a field emission gun.

A Setaram Setsys evolution 1750 was used for TGA analysis. TGA was performed by increasing temperature from room temperature to 900 °C (5°C/min) under dry airflow (20 mL/min) for the raw and the purified DWCNTs as well as the electrodeposited samples.

Micro-Raman spectroscopy was carried out with a Jobin Yvon LabRAM HR800 equipped with a CCD detector cooled to -70 °C. A 633 nm laser wavelength was used as the incident beam focused on the sample with a microscope through a wide length x50 objective and a numerical aperture of 0.50. For each sample, at least 5 spectra were recorded from a different area on the sample. For each spectrum, the background was subtracted and the maximum intensity of the D and the G bands were used to calculate the D intensity over the G intensity ratio, ID/IG.

X-ray diffraction analyses were performed using a Brucker D8 Advance diffractometer in Bragg-Brentano configuration using a copper anticathode (λ Kα1 = 0.15406 nm).

Ultraviolet-visible (UV-visible) spectrophotometry study has been carried out with a Varian Cary7000 spectrophotometer in the 200-700 nm range by using quartz cuvettes (28-F/Q/10) purchased from Jasco France with an optical path of 2 mm. The asorbance of the dispersion SP3 was measured by using a double beam mode by substrating the absorbance of the reference sample (copper ion solution at pH 1 with 2 % of P123). Sample absorbance at 500 nm was used to follow its stability during 8 days [START_REF] Rastogi | Comparative Study of Carbon Nanotube Dispersion Using Surfactants[END_REF][START_REF] Raiah | Influence of the Hydrocarbon Chain Length of Imidazolium-Based Ionic Liquid on the Dispersion and Stabilization of Double-Walled Carbon Nanotubes in Water[END_REF] .

Results and discussion

The procedure used to prepare the DWCNT/Cu composite is shown in figure 1 

DWCNT dispersion

Stability of DWCNTs in the copper ion solution: optimization of the surfactant type and concentration

Based on the works reported on the used chlorine-based purification method [START_REF] Berrada | Protecting Carbon Nanotubes from Oxidation for Selective Carbon Impurity Elimination[END_REF][START_REF] Desforges | Dramatic Enhancement of Double-Walled Carbon Nanotube Quality through a One-Pot Tunable Purification Method[END_REF][START_REF] Mercier | Selective Removal of Metal Impurities from Single Walled Carbon Nanotube Samples[END_REF][START_REF] Mercier | Méthode De Purification De Nanotubes De Carbone[END_REF][START_REF] Berrada | Multiwalled Carbon Nanotube Purification Probed by Electrochemistry: Low-Temperature Chlorine Gas Treatment Meets High-Temperature Annealing[END_REF] , no or only a few amount of functional groups are expected to be present at the CNT surface since at the high used temperature (1000 °C), both chlorine-and oxygen-containing functional groups are unstable.

The use of surfactant is then all the more essential to disperse these hydrophobic DWCNTs. They were dispersed in the copper ion solution by ultrasonic stirring in the presence of 3 different surfactants: Triton X-100, Sodium Dodecyl Sulfate and Pluronic-P123. In water or aqueous solvents, ionic surfactants, induce long-range distance electrostatic repulsions between the covered surface of CNTs for their efficient dispersion [START_REF] Vigolo | Macroscopic Fibers and Ribbons of Oriented Carbon Nanotubes[END_REF] . Nonetheless, the copper electrolyte (acidified solution of copper sulfate) being a high ionic strength solution, charge screening by ions can dramatically affect the CNTs dispersion stability. This is the reason why non-ionic surfactants, such as Triton X-100 or Pluronic-P123, are here expected to be more relevant to successfully disperse CNTs in the copper electrolyte. Their presence on the CNT surface produces steric repulsions between the CNT walls to maintain them in a dispersed state. Understand the behavior of different natures of surfactant is crucial to successfully achieve a proper dispersion in the electrolyte.

ζ-potential measurements, commonly used to evaluate the dispersion state of colloidal solutions, would be not relevant when Triton X-100 and Pluronic-P123 are used since they do not lead to charged surfaces for the covered DWCNTs by these two nonionic surfactant. The weak dispersion ability of SDS to disperse the DWCNTs simply proved by visual and OM observations makes such investigation by the ζ-potential technique unapropriate in that case. After their preparation, the dispersions were directly observed by OM and let to settle down during 10 days to qualitatively evaluate their stability. Figure 1 shows photographs of a selection of representative dispersions with the 3 used surfactants at the same weight concentration 10 days after their preparation. The sample prepared with Pluronic-P123 (Figure 2c) differs from the dispersions prepared with Triton X-100 and SDS (Figures 2a and2b). For these latter, a common characteristic is the presence of agglomerates on the internal vial walls and within the DWCNT suspension when SDS and Triton X-100 are used. In the case of Triton X-100 (Figure 2a), the DWCNT agglomerates are even sedimented at the bottom of the vials and well separated from the solvent noticeable with its blue typical color. For the sample prepared with Pluronic-P123, the DWCNT dispersion has a much more homogeneous aspect than that observed for the dispersions prepared with the two other surfactants. After 10 days, no sign of agglomeration was noticeable (Figure 2c).

The prepared DWCNT dispersions were systematically observed by OM (Figure 3). Even if the spatial resolution of an optical microscope is much larger than that required to evidence any individualized or even bundled DWCNTs, this technique is commonly used to assess CNT stability as it reveals any agglomerate presence [START_REF] Vigolo | Macroscopic Fibers and Ribbons of Oriented Carbon Nanotubes[END_REF][START_REF] Krittayavathananon | Comparing the Effect of Different Surfactants on the Aggregation and Electrical Contact Properties of Graphene Nanoplatelets[END_REF] . From OM observations, the solvent alone shows a transparent/yellow uniform color (microscope illumination), no trace of the typical blue color from the Cu solution is noticeable due to the weak thickness of the solution analyzed by OM. The DWCNT dispersions prepared with Triton X-100 (Figures 3a-3c) and with SDS (Figures 3d-3f)

show a comparable aspect, i.e. more (Triton X-100) or less (SDS) dense flocculated structures.

These DWCNT agglomerates probably come from a re-agglomeration phenomenon of previously dispersed DWCNTs within the surfactant/copper ion medium; no obvious behavior evolution with the surfactant concentration is noticed. In the case of the DWCNTs dispersed with Pluronic-P123 In summary, from OM analysis, we have shown that DWCNT agglomeration or reagglomeration easily occurs when Triton X-100 or SDS is used as surfactant while the DWCNT dispersions prepared with 1.0 and 2.0 wt.% of Pluronic-P123 are of relatively high quality. The dispersion stability of SP3 prepared with 0.1 wt.% of DWCNTs and 2.0 wt.% of Pluronic-P123 which was further used for copper-DWCNT coelectrodeposition was followed by UV-visible spectrophotometry without any dilution prior to the absorbance measurements. After a weak increment of absorbance, SP3 absorbance remains stable without significant reduction during the 8 day analysis, being the sign of minimum sedimentation and good stability (Figure 5).

(Figures 3g-3i

Figure 5

Relative absorbance of SP3 (0.1 wt.% of purified DWCNTs and 2.0 wt.% of Pluronic-P123) after being centrifuged at 2500 rpm during 10 min.

Efficient repulsive interactions between

DWCNTs with Pluronic-P123: proposed mechanism SDS, being an ionic surfactant, its weak ability to disperse DWCNTs in the copper ion solution is probably due to strong screening effects leading to create attractive forces between the DWCNT surface and thus their re-agglomeration [START_REF] Rastogi | Comparative Study of Carbon Nanotube Dispersion Using Surfactants[END_REF] . Among the two used nonionic surfactants, Triton X-100 shows a lower DWCNT dispersion efficiency than Pluronic-P123. The dispersion of CNTs with the help of surfactants in water has been extensively studied since such homogeneously dispersed CNTs are often one of the key stages to process and include them in new designed materials [START_REF] Mazrouaa | Nano-Composite Multi-Wall Carbon Nanotubes Using Poly(p-Phenylene Terephthalamide) for Enhanced Electric Conductivity[END_REF][START_REF] Mubasher; Mumtaz | Multi-Walled Carbon Nanotubes and Chromium Ferrites Nanoparticles Nanohybrids as Anode Materials for Lithium-Ion Batteries[END_REF] . The surfactant molecules adsorb onto the hydrophobic CNT surface and reduce the interfacial energy between the tubes and the solvent [START_REF] Palladino | Ionic Strength Effects on the Critical Micellar Concentration of Ionic and Nonionic Surfactants: The Binding Model[END_REF][START_REF] Vigolo | Processing Carbon Nanotubes[END_REF] . The surfactant concentration has to be high enough (typically above the Critical Micellar Concentration (CMC)) to guarantee a sufficient CNT covering. However, if the number of micelles is too high in the medium, attractive forces of depletion can appear and induce CNT dispersion destabilization [START_REF] Rastogi | Comparative Study of Carbon Nanotube Dispersion Using Surfactants[END_REF][START_REF] Vigolo | Macroscopic Fibers and Ribbons of Oriented Carbon Nanotubes[END_REF] . These attractive interactions between the covered CNTs (large particles) are due to an osmotic pressure created by the micelles (small particles) on the CNTs. The higher the micelle concentration, the stronger the resulting depletion attractive forces. The optimized surfactant concentration window has to be found to favor a good CNT outer surface covering and consecutive CNT dispersion while avoiding their reagglomeration. The surfactant ability to disperse the CNTs depends on the nature of the dispersion medium, the nature (and the concentration) of the surfactant which will govern its affinity with the nanoparticle surface. And its CMC will directly impact the coverage rate of the surfactant at the nanoparticle surface. All these factors are important for obtaining an efficient dispersion of nanoparticles including CNTs by surfactants [START_REF] Palladino | Ionic Strength Effects on the Critical Micellar Concentration of Ionic and Nonionic Surfactants: The Binding Model[END_REF][START_REF] Schott | Comparing the Surface Chemical Properties and the Effect of Salts on the Cloud Point of a Conventional Nonionic Surfactant, Octoxynol 9 (Triton X-100), and of Its Oligomer, Tyloxapol (Triton WR-1339)[END_REF][START_REF] Lavagna | Functionalization as a Way to Enhance Dispersion of Carbon Nanotubes in Matrices: A Review[END_REF] . With such a number of factors, it is hard to predict the behavior of the nanoparticle/surfactant systems.

Normally, both Triton X-100 and Pluronic-P123 are known as efficient CNT dispersing agents in deionized water. Triton X-100 molecule is composed of hydrophilic polyethylene oxide (PEO) group and a hydrophobic octyl group (Table S2, Supporting Information). This latter has a good affinity with the CNT sp 2 structure through π-π interactions between the CNT surface and the hydrophobic part of the surfactant. The hydrophilic part, by creating steric forces to counterbalance the van der Waals attractive forces between the CNTs, induces their stable dispersion in water.

The Pluronic-P123 is a symmetric triblock copolymer with an alternating linear fashion: PEO-PPO-PEO comprising polyethylene oxide (PEO) as the hydrophilic component (like Triton X-100)

and the hydrophobic group being a polypropylene oxide (PPO).

A typical scenario for steric stabilization relies on the dual action of the Pluronic-P123 thanks to a selective interaction with the solvent: while the hydrophobic block (PPO) is adsorbed by π-π interactions on the nanotube outside wall, the hydrophilic block (PEO) dangles into the solvent and repels the other hydrophilic blocks via steric repulsions [START_REF] Schott | Comparing the Surface Chemical Properties and the Effect of Salts on the Cloud Point of a Conventional Nonionic Surfactant, Octoxynol 9 (Triton X-100), and of Its Oligomer, Tyloxapol (Triton WR-1339)[END_REF][START_REF] Mallakpour | Surface Functionalization of Carbon Nanotubes: Fabrication and Applications[END_REF][START_REF] Girard | A Thermodynamic Model of Non-Ionic Surfactants' Micellization in the Presence of Polyoxometalates[END_REF] . From the literature, it is explained that Pluronic-P123 is a greatly proved surfactant for CNTs in water and organic-based compounds, since these carbonaceous structure diameters (≈ 3 nm) match with the Pluronic-P123 native micelle diameter (8 nm) favoring homogenous surfactant adsorption on the nanotube 44,48- 51 . A proper nanotube coverage and subsequent good dispersion in deionized water was reported for an optimum CNT/surfactant weight ratio between 0.03 and 0.15 for Triton X-100 [START_REF] Schott | Comparing the Surface Chemical Properties and the Effect of Salts on the Cloud Point of a Conventional Nonionic Surfactant, Octoxynol 9 (Triton X-100), and of Its Oligomer, Tyloxapol (Triton WR-1339)[END_REF][START_REF] Kang | Micelle-Encapsulated Carbon Nanotubes: A Route to Nanotube Composites[END_REF][START_REF] Wang | An Integrated Route for Purification, Cutting and Dispersion of Single-Walled Carbon Nanotubes[END_REF][START_REF] Yu | Controlling the Dispersion of Multi-Wall Carbon Nanotubes in Aqueous Surfactant Solution[END_REF] and between 0.02 and 0.14 for Pluronic-P123 [START_REF] Vigolo | Processing Carbon Nanotubes[END_REF][START_REF] Schott | Comparing the Surface Chemical Properties and the Effect of Salts on the Cloud Point of a Conventional Nonionic Surfactant, Octoxynol 9 (Triton X-100), and of Its Oligomer, Tyloxapol (Triton WR-1339)[END_REF][START_REF] Wang | An Integrated Route for Purification, Cutting and Dispersion of Single-Walled Carbon Nanotubes[END_REF][START_REF] Shvartzman-Cohen | Aggregation and Self-Assembly of Amphiphilic Block Copolymers in Aqueous Dispersions of Carbon Nanotubes[END_REF] which are quite similar optimum dispersion windows. Knowing that this optimum ratio window can be slightly modified depending on the CNT type and probably the dispersing medium, for both Triton X-100 and Pluronic-P123, the surfactant concentration used in this work are roughly in the good dispersion CNT/dispersion ratio (Table 1). The poor dispersive behavior observed in the Triton X-100 based samples is therefore a possible consequence of the high ionic strength in the used copper ion solution, as argued in the following.

For ionic surfactants, the CMC is usually downshifted when the ionic strength increases in water;

the screening effects due to the presence of ions in the vicinity of their charged heads reduce repulsive forces and favor their self-assembly under the form of micelles. For nonionic surfactants, similar effects have been reported [START_REF] Goh | Surfactant Dispersed Multi-Walled Carbon Nanotube/Polyetherimide Nanocomposite Membrane[END_REF][START_REF] Keinänen | Optimized Dispersion Quality of Aqueous Carbon Nanotube Colloids as a Function of Sonochemical Yield and Surfactant/CNT Ratio[END_REF] . For both Triton X-100 and Pluronic-P123, since the employed concentration is above the CMC (Table S2, Supporting Information), micelles are easily formed and the surfactants accumulate at the interfaces such as solvent/air interface. That means that, compared to pure water, the used copper ion solution would promote the formation of surfactant micelles for both Triton X-100 and Pluronic-P123. If the number of micelles is significantly increased in the copper ion solution compared to in deionized water, depletion attractive interactions are much more likely to occur and they will induce DWCNT reagglomeration. DWCNT agglomerates are indeed observed for Triton X-100 samples even at quite a high DWCNT/Triton X-100 ratio (ST1). This depletion-flocculation of the DWCNTs occurs as Triton X-100 hydrophilic part (PEO) is not able to counterbalance the agglomeration interactions due to the micelle osmotic pressure. This could explain the observed DWCNT agglomerates in Figures 3a, 3b and 3c, leading to a poor DWCNT dispersion by Triton X-100. On the other hand, for Pluronic-P123, such destabilization phenomenon is only observed for the lower DWCNT/Pluronic-P123 ratio (SP1). A quite good sign of an efficient dispersion of DWCNTs is observed for the DWCNT/surfactant weight ratio between 0.1 and 0.05, meaning that additional repulsive interactions certainly appear between the DWCNTs when Pluronic-P123 is used (Figures 3h and3i).

Although both Triton X-100 and Pluronic-P123 are nonionic surfactants with PEO blocks as a hydrophilic agent, Triton X-100 has a linear structure containing 10 PEO molecules while Pluronic-P123 is form by two PEO blocks, each one repeated containing 20 PEO molecules, giving to Pluronic-P123 the form of long-shaped chains. Targeting this structural difference, the hydrophilic-lipophilic balance (HLB) which measures the degree to which a surfactant is rather hydrophilic or lipophilic can be considered. Over a scale from 0 to 20, the lowest values of HLB correspond to hydrophobic molecules and vice versa. Triton X-100 and Pluronic-P123 have a HLB of 13.5 and 8, respectively. Pluronic-P123 being less hydrophilic than Triton X-100, it has a better affinity for the hydrophobic DWCNT surface and being larger than Triton X-100, it has a higher tendency to be adsorbed on the DWCNT surface [START_REF] Shvartzman-Cohen | Self-Assembly of Amphiphilic Block Copolymers in Dispersions of Multiwalled Carbon Nanotubes As Reported by Spin Probe Electron Paramagnetic Resonance Spectroscopy[END_REF] .

Figure 6 summarizes the DWCNT dispersion behavior when Pluronic-P123 or Triton X-100 is used as surfactant in the Cu 2+ ion solution. As Triton X-100 has a lower affinity for the hydrophobic DWCNTs, its desorption from the DWCNT surface is certainly much easier which could reduce the DWCNT coverage rate. Simultaneously, Triton X-100 likely forms micelles which number is expected to increase within the copper ion solution and be responsible for the appearance of the already mentioned depletion forces leading to DWCNT agglomeration (Figure 6a). These two effects are certainly combined resulting in the destabilization phenomenon observed over a large surfactant concentration range as Triton X-100 is used. On the contrary, as a proper amount of Pluronic-P123 is used, the Pluronic-P123 molecules remain adsorbed on the DWCNT surface and promote their dispersion by efficient steric repulsions between them (Figure 6b). 

DWCNT/CU co-electrodeposition

Preparation of CNT/Cu powders

The DWCNT dispersion obtained with 2.0 wt.% of Pluronic-P123 (SP3) was chosen to coelectrodeposit the DWCNTs and copper because the solution showed the best dispersive performance. Therefore, copper and DWCNT-copper deposits were fabricated using the chronopotentiometry technique by applying different constant current densities. At low current densities (21.2 mA cm -2 ), the deposits formed compact layers firmly attached to the surface of the copper cathode and impossible to remove. At high current densities (116 mA cm -2 ), well-defined powders formed but also a large volume of oxygen on the Pt mesh electrode was generated which caused excessive foam escaping from the electrochemical cell. Therefore, an optimal current density was selected at -69.6 mA cm -2 . Sample potential profiles registered for the copper electrodeposition from an electrolyte with and without additivities and resulting copper/composite powders are shown in Figure 7. The fabricated DWCNT/Cu composite powders appeared to be relatively darker than the copper powders without CNTs. Various models were developed to describe the process of electrochemical synthesis of CNT composites with metals [START_REF] Guglielmi | Kinetics of the Deposition of Inert Particles from Electrolytic Baths[END_REF][START_REF] Celis | A Mathematical Model for the Electrolytic Codeposition of Particles with a Metallic Matrix[END_REF] . For an agitated solution of copper salt, DWCNT and Pluronic-P123 surfactant, the one proposed by Celis et al. is the most appropriate [START_REF] Celis | A Mathematical Model for the Electrolytic Codeposition of Particles with a Metallic Matrix[END_REF] . According to this model, 

Evidence of DWCNT presence within the electrodeposited copper matrix

Raman spectroscopy is a powerful technique to characterize CNTs. Due to the resonant behavior of the one-dimensional CNTs, their Raman intensity is enhanced by several order of magnitudes compared to other non-resonant compounds offering an efficient sensor for CNTs. Raman spectroscopy is an obvious technique for CNT characterization, especially as it is sensitive to the type of CNTs and the presence of defects within their structure. In this work, three samples were studied by Raman spectroscopy: the raw and the purified DWCNTs and the prepared DWCNT/Cu composites (Figures 8a and8b). For the 3 samples, the spectra show comparable features.

Regarding the low-frequency domain, the radial breathing modes (RBM) show similar contributions which can be well assigned to DWCNTs. Below around 180 cm -1 , the features are due to the external walls of the DWCNTs and above this frequency, the internal walls of the DWCNTs are contributing to the Raman signal. Moreover, thanks to the RBM, it is possible to estimate the internal diameter of the tubes [START_REF] Osswald | In Situ Raman Spectroscopy Study of Oxidation of Double-and Single-Wall Carbon Nanotubes[END_REF] . The data in Figure 8a show an average internal diameter of 1.5 (±0.15) nm for the raw, purified DWCNT and the electrodeposited tubes. The average external diameter for the three tubes was 2 nm. These results agree with the TEM observations in Figures S1a andS1c, in Supporting Information. Typically, the G band (around 1590 cm -1 ) is characteristic of the sp 2 network formed by the double-bonded carbon atoms and the D band (around 1320-1330 cm -1 ) is related to "disorder" or defects when the hybridization of carbon atoms turns to sp 3 through damaging or functionalization. The ratio ID/IG is another important parameter found from Raman spectroscopy. ID/IG gives a qualitative parameter related to the structural defects which are introduced in the DWCNTs during the purification and coelectrodeposition process. The intensity of the D band can be directly compared for the 3 spectra which have been normalized by the G band intensity in Figure 8b. ID/IG is around 0.14 (± 0.01), 0.18 (± 0.02) and 0.22 (± 0.03) for the raw, purified and DWCNTs implanted in the copper matrix, respectively. ID/IG of the purified DWCNTs is close to that of the raw DWCNTs meaning that the purification treatment well preserves the CNT structure in agreement with previous works [START_REF] Desforges | Dramatic Enhancement of Double-Walled Carbon Nanotube Quality through a One-Pot Tunable Purification Method[END_REF][START_REF] Berrada | Protecting Carbon Nanotubes From Oxidation for Selective Carbon Impurity Elimination[END_REF] . In the same way, when comparing ID/IG of the purified DWCNTs before and after their incorporation within the copper matrix, no clear modification is noticeable in agreement with the soft character of the electrodeposition process. TGA is considered as an important technique to study carbonaceous nanomaterials as it can help to evaluate their amount in a composite material. Indeed, under oxygen or air, the CNTs burn off above their combustion temperature typically in the 300-600 °C range. The combustion temperature for the used DWCNTs is around 450 °C (Figure S1b, Supporting Infromation). The metallic part of the CNT/metal mixture will be oxidized during TGA. Moreover, this metallic nature of copper is evidenced by X-ray diffraction shown in Figure S3, in Supporting Information.

In Figure 9, the thermograms show that the weight gained in % due to copper oxidation is higher for copper alone ( Which means that the composite contains 1.13 wt.% of CNTs which corresponds to 4.9 vol.%.

Under the used conditions, the performed co-electrodeposition is efficient to incorporate a significant amount of CNT in the copper matrix. observations, the CNTs can be easily observed everywhere within the copper matrix. From SEM, CNTs do not form the typically observed large agglomerates when they tend to separate from the surrounding medium; they are well distributed and embedded within the copper matrix.

From TEM micrographs (Figures 10c and10d), the DWCNTs are noticeable coming out from the copper particles, revealing that the DWCNTs and copper are closely connected together. 

Conclusion

DWCNTS were firstly purified by a one-pot gas-phase and highly-selective chlorine-based thermal purification treatment. Secondly, 9 samples were prepared. They contain different amounts of DWCNTs and Triton X-100, SDS or Pluronic-P123 as surfactants in a copper ion solution. The success of Pluronic-P123 and failure of both Triton X-100 and SDS surfactant was unanticipated as these last are both well recognized for their success to disperse CNTs in standard deionized water. The poor solubility of SDS propitiated heterogeneous samples, making them not reliable for the purpose of the present work. In the case of the nonionic surfactants, based on their chemical difference and especially the HLB, depletion was proposed as a possible mechanism responsible of the observed re-agglomeration of the tubes when Triton X-100 was used as surfactant in the copper ion solution. Pluronic-P123 showed the best DWCNT affinity and therefore the best dispersive power and stable and homogenous DWCNT dispersion could be successfully prepared in this particularly high ionic strength solution thanks to efficient steric forces. This work represents important advances in CNT/Cu composites since high-quality dispersions of DWCNTs could be successfully achieved in high ionic strength copper electrolytes.

For future works, the study of the DWCNT's influence in the growth and resulting morphology of the Cu grains is strongly suggested regarding the interest in their use as current carriers.

Additionally, a broad study of the composite material properties is foresight for the future development of this technology.

  . The raw DWCNTs are first purified under a chlorine stream during 2 h at 1000°C leading to remove a significant proportion of their metal based impurities. The purified DWCNTs are dispersed in the acidic copper ion solution at a concentration of 0.1 wt.% with the help of Pluronic-P123 (2 wt.%) as surfactant and sonication. The dispersed DWCNTs are next simply transferred in the electrochemical cell to undergo the co-electrodeposition process forming the DWCNT/Cu composite.

Figure 1

 1 Figure 1 Schematic of the procedure used to prepare the DWCNT/Cu composites by co-

Figure 2

 2 Figure 2 Images of 3 different samples after 10 days of settling time. Prepared with 0.1 wt.% of

  ), the DWCNT agglomerates are observed in the form of small dark dots homogenously distributed in the images. Contrary to the aspect observed for the DWCNT dispersions prepared with Triton X-100 and SDS, these dark dots certainly come from small residues not dispersed from the DWCNT solid powder while the main part of the DWCNTs is rather well dispersed as shown by the darker background of the image Figure3icompared to others. The optimization of the used surfactant concentration is crucial for this work since a too high concentration would result in a foaming solution and would hindrance the coelectrodeposition. On the contrary, a too weak surfactant concentration will not promote the dispersion of the CNTs. When the Pluronic-P123 concentration increases from 0.5 to 2.0 wt.%, the size and the number of these dense DWCNT agglomerates is reduced. This behavior is in agreement with what was observed in figure S2, Supporting Information.

Figure 3

 3 Figure 3 OM images of the prepared DWCNT dispersions after 60 min of sonication with 0.1

Figure 4

 4 Figure 4 Images of 3 different dispersions prepared with 0.1 wt.% of purified DWCNTs and

Figure 6

 6 Figure 6 Scenarios of DWCNTs in the Cu ion solution dispersed with a) Triton X-100 and

Figure 7

 7 Figure 7 Chronopotentiometric curves of the copper electrodeposition process, showing the

  well dispersed DWCNTs stabilized by hydrophobic moieties of Pluronic-P123 surfactant are carried toward the hydrodynamic boundary layer by magnetic stirring and through the diffusion layer by diffusion toward the copper cathode. The hydrophilic parts of Pluronic-P123 loosely adsorb on the metallic surface of the electrode. DWCNTs remain in close vicinity of the electrode surface becoming effective nucleation centers for electrodeposited copper[START_REF] Wang | Improving Strength and High Electrical Conductivity of Multi-Walled Carbon Nanotubes/Copper Composites Fabricated by Electrodeposition and Powder Metallurgy[END_REF] .

Figure 8

 8 Figure 8 Raman spectra of i) DWCNT/Cu composite, ii) Purified DWCNTs and iii) Raw

Figure 9

 9 Figure 9 Thermograms under dry air of pure copper and the DWCNT/Cu composite by

Figure 10

 10 Figure 10 SEM (a and b) and TEM (c and d) images of the DWCNT/Cu composite prepared by

  24.8 % and 22.6 % for copper alone and DWCNT/Cu, respectively). Assuming that the copper oxide is CuO, the expected weight gain due to oxidation can be evaluated by calculating the difference in weight when CuO is formed from Cu (Cu + O  CuO) by dividing the molecular weight of oxygen by that of copper i.e. 16/63.55x100 = 25.2 %, which is in very good agreement with the 24.8 % measured by TGA. Considering, the reduced amount of copper in the CNT/Cu mixture (composite), the content of CNTs in wt.%, XCNT, from the values measured by TGA, can be determined by the following relation:
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