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This article focuses on the development of polylactic acid– (PLA-) based thermoplastic composite filament for its use, once 3D printed via thermoplastic material extrusion (TME), as current collector at the negative electrode side of a lithium-ion battery or sodium-ion battery. High electronic conductivity is achieved through the introduction of Ag-coated Cu charges, while appropriate mechanical performance to allow printability was maintained through the incorporation of poly(ethylene glycol) dimethyl ether average Mn ∼ 500 (PEGDME500) as a plasticizer into the PLA polymer matrix. Herein, thermal, electrical, morphological, electrochemical, and printability characteristics are discussed thoroughly. While Ag-Li alloy formation is reported at 0.1V upon cycling, its use with active materials such as Li4Ti5O12 (LTO) or Li2-terephthalate (Li2TP) operating at a plateau at higher potential is demonstrated. Furthermore, its ability to be used with negative electrode active material of sodium-ion battery technology in a wide potential window is demonstrated.
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INTRODUCTION
Over the last few years, numerous studies dedicated to the lithium-ion battery (LIB) 3D printing have been published in the literature (Pang et al., 2019; Browne et al., 2020; Cheng et al., 2020; Costa et al., 2020; Egorov et al., 2020; Gulzar et al., 2020; Lyu et al., 2020; Maurel et al., 2020c; Yang et al., 2020; Yang and Fan, 2020; Zeng et al., 2020; Zhang et al., 2020). This trend can be simply justified by the new design freedom offered by the innovative additive manufacturing (AM) processes. Indeed, thanks to such cutting-edge technology, it is now possible to imagine the development of LIB three-dimensional (3D) architectures reported to increase the electroactive surface area greatly, allowing the Li+ diffusion towards two or three dimensions and thus improving the final electrochemical performance of the battery in terms of specific capacity and power (Trembacki et al., 2019; Maurel et al., 2020b); on the other hand, conventional 2D LIB architectures of the positive electrode, separators, negative electrode, and current collector are stacked or rolled (parallel plates configuration), previously reported to allow only Li+ diffusion in 1D. While 3D LIB structures, originally proposed by Long et al. (Long et al., 2004; Long et al., 2020), were extensively developed independently through traditional techniques such as electrodeposition, the assembly of both electrodes manually was reported to be particularly complex due to the irregular electrode surfaces causing short circuits (Taberna et al., 2006). As an innovative alternative and to prevent this last issue, AM appears as a unique route to obtain such complex interlaced electrode architectures. Additionally, such a technique also opens the way towards topological optimization by directly introducing the energy storage device within the whole available free space of the object.
Among the various offered 3D printing processes, thermoplastic material extrusion (TME), also commonly called fused deposition modeling (FDM), was investigated recently due to its undeniable advantage allowing the elaboration of a complete LIB in one-single step without requiring any extra postprocesses compared to other AM techniques such as direct ink writing (DIW) or stereolithography apparatus (SLA) that generally require freeze-drying, debinding, and/or sintering (Sun et al., 2013; Fu et al., 2016; Cohen et al., 2018). A classical TME printer (Figure 1) is usually fed with a 1.75mm diameter thermoplastic filament that is heated few degrees above its melting temperature to be selectively deposited through a nozzle. Being computer-controlled, the latter is indeed moved so as to build the final 3D object layer after layer. Commercial desktop TME 3D printers have a layer thickness resolution of about 150μm for the first layer and down to 50μm for the subsequent layers.
[image: Figure 1]FIGURE 1 | Thermoplastic material extrusion 3D printing scheme.
Starting from 2017, various groups initiated the development of bespoke composite 3D printable filaments, specifically developed to print components of a classical LIB: positive electrodes (PLA/LiFePO4 (Ragones et al., 2018; Maurel et al., 2019), PP/LiFePO4 (Maurel et al., 2020), PLA/LMO (Reyes et al., 2018)), negative electrodes (PLA/graphite (Maurel et al., 2018; Maurel et al., 2019), PLA/LTO (Ragones et al., 2018; Reyes et al., 2018)), separator (PLA/SiO2 (Maurel et al., 2019)) and solid polymer electrolyte (PEO/LiTFSI (Maurel et al., 2020a), PLA/PEO/LiTFSI (Ragones et al., 2019)). In 2018, an important milestone was reached in the field as our group (Maurel et al., 2018) reporting for the first time that the introduction of a thoroughly chosen plasticizer helps to increase the number of charges within the composite filament considerably. Indeed, highly loaded PLA/graphite (Maurel et al., 2018) and PLA/LiFePO4 (Maurel et al., 2019) filaments with up to 62wt% of active material were, respectively, formulated as negative and positive electrodes. This was made possible through the introduction of poly(ethylene glycol) dimethyl ether average Mn ∼ 500 (PEGDME500) as a plasticizer to enhance its flexibility. After optimization by introducing a conductive additive within the composite, a negative electrode (Maurel et al., 2018) (tested in a half-cell configuration using 1M LiPF6 in ethylene carbonate and diethyl carbonate as liquid electrolyte) depicted a reversible capacity of 200mAhg−1 of active material (99mAhg−1 of the total composite or also to 154.6mAh cm−3) at current density of 18.6mAg−1 (C/20) after six cycles and 140mAhg−1 of active material (69mAhg−1 of the total composite or also 108.2mAhcm−3) at current density of 37.3mAg−1 (C/10). Likewise, the optimized 3D printed positive electrode developed by our group (Maurel et al., 2019) exhibited reversible capacity values of about 87mAhg−1 of active material (43mAhg−1 of the total composite or also to 77mAhcm−3) at current density of 8.5mAg−1 (C/20), 45mAhg−1 of active material (22mAhg−1 of the total composite or also to 40mAhcm−3) at a current density of 17mAg−1 (C/10), and 22mAhg−1 of active material (11mAh g−1 of the total composite or also to 20mAhcm−3) at a current density of 34mAg−1 (C/5).
While the last efforts (Maurel et al., 2020c) were exclusively focused on the development of 3D printable composite thermoplastic filaments for the positive electrode, negative electrode, and separator and solid polymer electrolyte, it is now required to focus on the last piece of the LIB puzzle: the development of a 3D printable composite current collector filament, specially designed for LIB application. Being the direct connection between the electrode and the external circuit, current collectors must exhibit electronical conductivity as high as possible and inertness towards the electrode materials and the electrolyte. Hence, metal foils are usually employed in commercial LIB. Thus, the metal selection for each current collector should be chosen in good agreement with their own electrochemical stability window. Copper foil is generally employed as current collector at the negative electrode as it appears to be electrochemically stable down to 0V vs. Li/Li+ (Myung et al., 2011). On the other hand, aluminum foil current collector (cheaper and lighter) is used at the positive electrode as it is stable at higher potential due to the AlF3 passivating layer created thanks to the presence of LiPF6 salt (Forestier et al., 2016), thus blocking subsequent aluminum oxidation. Al is not used at the negative electrode as an Li–Al alloying process starts when potential is close to ∼0.3V vs. Li/Li+ (Myung et al., 2011). Practically, extended corrosion of current collectors under cycling can lead to an increase of the cell overall resistance causing capacity fading. In extreme cases, it could even induce short circuit, affecting the device’s safety. Finally, it is important to mention that metallic foil current collectors, usually serving as support for the coated electrodes, can generate some adhesion issues due to their smooth surface. Indeed, metallic foils can unfortunately cause the active material particles detachment reported to be particularly problematic for flexible electrode manufacturing. Hence, carbon-based materials or conducting polymers may be potential candidates for flexible current collectors (Singh et al., 2012).
Destined here as a preliminary work, the mission of this research was to study the possibility of introducing copper particles within a PLA polymer matrix to develop a current collector (negative electrode side) composite 3D printable filament for LIB or SIB applications. As depicted hereafter, film, filament, and 3D printed discs were characterized by means of differential scanning calorimetry (DSC), electrochemical impedance spectroscopy (EIS), galvanostatic cycling with potential limitation (GCPL) technique, and scanning electron microscopy (SEM). In order to improve the electronic conductivity, the introduction of a silver coating on top of the copper particles by electroless deposition and its impact on the final composite current collector were investigated. By means of electrochemical characterization, the lower limit of the working potential window of the optimized current collector composition was then studied. Subsequently, adequate electroactive materials were proposed.
EXPERIMENTAL
Materials
Polylactic acid (PLA 4032D) pellets were provided by NatureWorks, United States. Dichloromethane (DCM) solvent was supplied by VMR Chemicals, United States. Copper particles (Cu) (particle size between 10 and 25µm) purchased from Sigma Aldrich, Europe, were used as conductive material for the current collector of the LIB. Poly(ethylene glycol) dimethyl ether average Mn ∼ 500 (PEGDME500), H2SO4 sulfuric acid (97% concentration), AgNO3 silver nitrate (99.9% concentration) (NH4)2CO3 ammonium carbonate (99% concentration), and NH4OH ammonium hydroxide (28% concentration) were all purchased from Sigma Aldrich, Europe. Terephthalic acid (98% concentration) powder was provided by Alfa Aesar, Thermo Fischer Scientific, United States. LiOH∙H2O (98%) powder was purchased from Sigma Aldrich, Europe. Li2-terephthalate (Li2TP) was synthesized using the procedure reported by Armand et al. (Armand et al., 2009). Li4Ti5O12 (LTO) was supplied by MTI Corporation, United States. Carbon Black Timcal Super-P (SSA: 62m2g−1) was supplied by Sigma Aldrich, USA. Hard carbon (HC) powder (2.8m2g−1) was provided by GEM Holding Corporation, Japan.
Deposition of an Ag Coating on Top of the Cu Powder
Silver was coated on copper through the redox process in order to prevent the oxidation of the surface of copper and enhance the electronic conductivity. The first step consisted of introducing 50g of the copper powder in a sulfuric acid solution (sulfuric acid 20ml + diluted water 200ml) for 2min so as to remove oxide layers Eq. (1).
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According to Lee et al., 2.7nm of oxide layer can be etched by diluted H2SO4 with a volume ratio of H2SO4 to water of 1:20 for 2min (Lee et al., 2013). The resulting neat copper powder was then washed until the pH of copper reached the pH of DI water and finally introduced in 100ml of DI water. On the other hand, 7.85g of silver nitrate, 100g of ammonium carbonate, and aqueous ammonia were mixed together in 100ml of distilled water to create a silver complex solution. Lastly, the silver complex solution was gradually added to copper powder suspension over a period of 5min at room temperature. The mixture of copper and silver complex solution was stirred further for an hour to create a silver shell on top of the copper powder. As reported in the literature (Hai et al., 2006), the activated copper on the surface of copper powder is displaced with silver ion according to the following Eq. (2):
[image: image]
It is worth mentioning that the pH of the silver complex solution is reported to have a strong impact on the deposition rate of Ag onto Cu, surface morphology, roughness, crystallinity, polarization, and impedance behavior. A mixture of aqueous ammonia and ammonium carbonate solution is used in this experiment (NH4+/NH3, pKa = 9.2). Large amounts of the ammonia water and ammonium carbonate compound are required with regard to the amount of silver nitrate because ammonia also acts as a complexing agent. Furthermore, the ideal molar ratio of ammonium carbonate to ammonia solution is reported to be from 0.1 to 3 (Koto et al., 1987). If the molar ratio is out of range, it has a negative effect on the conductivity of the coating layer. In this experiment, a molar ratio of 7.8 : 7.2 (ammonium carbonate to ammonia) was employed.
Film Formulation
After complete dissolution of the polymer matrix in a solvent (DCM at ambient temperature for PLA) with a weight ratio polymer matrix/solvent 1:10, PEGDME500 plasticizer was introduced to the mixture (PLA: PEGDME500 wt% 100:40). The resulting slurry was then mixed for 30min prior to the introduction of the conductive Cu-based powder (polymer matrix:Cu-based powder wt% 10:90) and stirred magnetically for 1h. For each sample, the prepared slurries were deposited onto a glass substrate by tape casting. After drying under ambient environment for 2h, samples were further dried under vacuum for 24h; in the case of LTO, another drying step was added, 4h under vacuum at 110°C. The obtained free-standing 100 and 250-μm-thick films then undergo further characterization experiments. Thicker film samples were employed for EIS measurements and for performing SEM imaging, while thinner films were characterized by DSC and through galvanostatic electrochemical tests.
Composite Filaments Formulation
As depicted in our previous articles (Maurel et al., 2018; Maurel et al., 2019; Maurel et al., 2020a; Maurel et al., 2020b), a Filabot Original extruder provided by Filabot Triex LLC, United States, was fed consistently with 3 × 3mm composite film pieces to get standard 1.75mm diameter 3D printing filaments. Extruder temperature was set about 20°C higher than the melting temperature of the composite film deduced from DSC. The resulting filament was subsequently rolled around a spool by means of a Filabot spooler (Filabot Triex LLC, United States). The extruder was methodically cleaned with pure PLA polymer matrix before extrusion of each sample. Current collector filaments were then kept in a suitable storage environment with low humidity and at low temperature to avoid the evaporation of plasticizer.
Thermoplastic Material Extrusion Printing
Current collector 3D discs (11mm diameter, 200µm or 1mm thick) were designed by means of Autodesk Fusion 360 software, after which they were divided into 100µm thick 2D slices using PrusaSlicer software and printed by a Prusa MK3S 3D printer (Prusa Research, Czech Republic) to perform further EIS and cyclic voltammetry. Nozzle ordinary input and output diameters of 1.75 and 0.4mm, respectively, were employed. The highest resolution in the Z direction is 200µm for the first layer and 50µm for the following. The nozzle temperature was set 20°C higher than the melting temperature of the composite film and the fan settings were set to 100%. Bed temperature was set to 60°C to favor the adherence of the first printed layer. Prior to printing each sample, the nozzle was purged thoroughly by printing a 2cm3 purge cube with the corresponding filament.
Differential Scanning Calorimetry (DSC)
Thermal characterization of films, filaments, and 3D printed discs was carried out by means of a DSC204F1 supplied by NETZSCH-Gerätebau GmbH, Germany. All prepared samples were characterized between −60 and 300C at a heating rate of 10Cmin−1 under argon atmosphere (50mlmin−1), using about 10mg of sample of each composition. Heat flow data from the first heating operation were recorded.
Electron Microscopy
By means of a FEI Quanta200F (Thermo Fisher Scientific, United States) SEM in high vacuum mode, the material dispersion and sample homogeneity were investigated. The secondary and backscattered images were recorded with a 5kV acceleration voltage. Energy-dispersive X-ray spectroscopy (EDS) elementary maps (Cu, Ag, O) were recorded at 20kV.
Electrical Conductivity Characterization
EIS tests were achieved using an MTZ-35 frequency response analyzer and an intermediate temperature system (ITS) supplied by BioLogic, France. The exact same procedure as the one reported in our previous work was followed (Maurel et al., 2018). Inductive phenomena from cables were compensated by performing calibration of the empty ITS with the same cables. Current collector films (transversal section, 250μm thick) and filament (longitudinal section, 2mm long) were subsequently introduced into a controlled environment sample holder (CESH) to perform AC impedance measurement under air at temperatures varying from 20 to 60°C (upon heating in steps of 5C). An excitation voltage of 10mV, a frequency range of 20–0.05Hz (20 points per decade and 10 measurements per point), and a soak time of 15min were applied here. Electronic conductivities and activation energy were deduced from the Nyquist and phase Bode plots of the complex impedance. Conductivities were calculated from Eq. (3).
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where d is the pellet thickness, A is the pellet surface area, and R is the respective resistances determined from the Nyquist and Bode plots.
Electrochemical Characterization
Inside an argon-filled glovebox (H2O < 0.1ppm, O2 < 0.1ppm), Swagelok-type cells were assembled. Metallic lithium and metallic sodium were used as counter/reference electrodes for half-cells, while Ag-coated Cu–based samples were used as working electrodes. The fiberglass separator was provided by Whatman, GE Healthcare, United States. A 150 µl of 1M LiPF6 in ethylene carbonate and diethyl carbonate (EC:DEC 1:1 weight ratio) and 150 µl of 1M NaPF6 in ethylene carbonate and dimethyl carbonate (EC:DMC 1:1 weight ratio) were used as an electrolyte, respectively, and supplied by Merck KGaA, Germany. Cells were galvanostatically discharged (lithiation or sodiation) and charged (delithiation or desodiation) at a current of 50μA, between 0.005 and 1.5V (vs. Li/Li+ and vs. Na/Na+) by means of a BCS-805 (BioLogic, France) to see if an alloy with Li or Na metal was created. On the other hand, electrochemical tests using LTO film (LTO, carbon black, PVdF-HFP in a weight ratio of 65:14:21) deposited on top of the produced Ag-coated Cu current collector were performed at a current of 45.5μA (C/20), 91μA (C/10) and 182μA (C/5), between 1.3 and 2.0V (vs. Li/Li+). Tests using Li2TP powder (Li2TP, carbon black, in a weight ratio of 70:30 thoroughly mixed in a mortar) deposited on top of the Ag-coated Cu produced current collector were performed at a current of 1.161mA (C/5) and 2.903mA (C/2), between 0.5 and 2.0V (vs. Li/Li+). Finally, tests using HC powder (2.8m2/g) deposited on top of the produced Ag-coated Cu current collector were performed at a current of 50μA, between 0.005 and 1.5V (vs. Na/Na+). Electrochemical tests were performed at 20°C.
RESULTS AND DISCUSSIONS
Neat Cu-Based Current Collector Film
The first part of this study was dedicated to the formulation of a neat Cu-based current collector composed of PLA/Cu/PEGDME500, wt% 9.6/86.5/3.8 or vol% 36.6/46.0/17.3. This particular composition was chosen as it corresponds to the maximum amount of charges (here, Cu) that can be added within a polymer matrix without compromising the printability of the resulting composite filament as depicted in our previous study (maximum limit of 50 vol%) (Maurel, 2020). For this particular sample composition, the achieved Nyquist and Bode curves were in accordance with an electronic conductor classical behavior as the Nyquist plot portrayed only Z’ real part, while |Z| magnitude remained steady for all frequencies. While an increase of temperature causing conductivity values to decrease is usually exhibited by pure metals, here, due to its composite nature, the sample rather exhibits a semiconductor-type behavior as the electrical conductivity is rising with temperature, as shown in Figure 2. Here, an activation energy value of 0.678meV was estimated for the composite sample containing neat Cu. Furthermore, it appears that this film sample is very poorly conductive (4.2 × 10–10Scm−1 at 20°C and about 1.0 × 10−8Scm−1 at 60°C). Hence, its use as current collector in a LIB or SIB is highly compromised. This trend clearly corroborates the SEM/EDS observations that highlighted the presence of a CuO insulating layer on the surface of the Cu particles (Figure 2). Such a layer has been generated spontaneously upon storage. Since such a CuO passivation layer is known to be highly insulating and, as a metal oxide, is electrochemically reactive towards lithium through the so-called conversion reaction (Grugeon et al., 2001), a protocol was established to dissolve it and subsequently depose a homogeneous Ag layer on the surface of the Cu particles. This was done with a view to prevent surface copper from oxidation and enhance the electronic conductivity.
[image: Figure 2]FIGURE 2 | Arrhenius plots of the electrical conductivity for film current collector samples containing neat copper and silver-coated copper and their respective SEM image and element distribution map (Ag, Cu, and O) obtained by Energy Dispersive X-ray Spectroscopy (EDS).
Following the deposition of Ag on the surface of the Cu particles, the resulting powder was thus characterized via SEM/EDS. Noticeably, as depicted in Figure 2, it appears that the aforementioned protocol worked properly as Ag was clearly identified on the Cu particles surface. Deposit morphology is particularly interesting as Ag was precipitated as beads (∼1µm diameter). Nonetheless, it is worth mentioning that further thorough TEM experiments are still required in the future to precisely determine the thickness of the Ag layer.
Similar to what was achieved previously for the sample containing neat Cu, the conductivity of the composite film PLA/Ag-coated Cu/PEGDME500 (wt% 9.6/86.5/3.8) was investigated through EIS. As displayed in Figure 2, the sample containing Ag-coated Cu powder was shown to exhibit a drastically higher conductivity reaching 11.3Scm−1 at 20°C (multiplied by 2.8 × 1010 times in comparison with composite film sample containing neat Cu), thus paving the way towards the preparation of a highly conductive current collector filament. Here again, the sample exhibits a semiconductor-type behavior with an activation energy value of 0.071meV.
Ag-Coated Cu–Based Current Collector 3D Printable Filament
The elaboration of a composite filament, here comprising PLA/Ag-coated Cu/PEGDME500 (wt% 9.6/86.5/3.8), specially designed to be used as a current collector within a LIB or SIB was initiated. Analogous to what was done in our previous studies regarding electrodes (Maurel et al., 2018; Maurel et al., 2019; Maurel et al., 2020b), separator (Maurel et al., 2019) or solid polymer electrolyte (Maurel et al., 2020a), the sample was first of all characterized via DSC. From this experiment, as shown in Figure 3A, serving here as a reference, neat PLA displays an endothermal peak related to the melting temperature (Tm) at 146C and a sharp peak corresponding to the glass transition (Tg) appearing at 63C. Instead, through the introduction of such a high number of charges (Ag-coated Cu particles) within the polymer matrix, the endothermal peak corresponding to the melting temperature was slightly shifted to a lower temperature (emerging at 142C), while Tg was no longer distinctly visible. PEGDME500 melting temperature appeared at about 5°C, while the crystallization temperature of the Ag-coated Cu composite film emerged at 75°C. From these values, it was decided to produce the corresponding filament by fixing the extruder temperature at a slightly higher temperature of 162°C. Based on the work reported by Ragones et al. (Ragones et al., 2019), the percentage of crystallinity of the polymer matrix was calculated using Eq. (4):
[image: image]
where ∆Hm is the value of melting enthalpy, ∆Hc is the crystallization enthalpy, ∆H100 is the enthalpy of the completely crystalline PLA serving here as reference (93.6J/g for PLA (Li et al., 2015; Ragones et al., 2019)), and w is the weight fraction of polymer in the sample. While from the DSC experiments, it was demonstrated that a neat PLA pellet depicts a crystallinity of 42%, here, a crystallinity of about 47% (not considering the plasticizer evaporation) was calculated from the Ag-coated Cu–based film. This value is in good agreement with what was observed previously for PLA/graphite (42% of crystallinity) and PLA/LiFePO4 (45%), with a similar vol% loading of charges (active material/conductive additive) (Maurel, 2020).
[image: Figure 3]FIGURE 3 | (A) DSC curve for neat PLA and the prepared PLA/Ag-coated Cu powder/PEGDME500 film; (B) Arrhenius plots of the electrical conductivity for wt% PLA/Ag-coated Cu powder/PEGDME500 9.7/86.5/3.8 film, filament, and 3D printed disc current collector samples.
Figure 3B exhibits the EIS results of both PLA/Ag-coated Cu/PEGDME500 (wt% 9.6/86.5/3.8) film and filament. The transversal section was characterized by EIS for the film sample, whereas the longitudinal section was rather studied for the filament. The conductivity of filament is improved by 9 times compared with what was obtained for the film. This behavior can be explained by the more homogeneous distribution of the Ag-coated Cu powder within the filament microstructure, as corroborated by SEM. Indeed, as displayed in Figure 4B, during the film formulation, Ag-coated Cu charges tend to sediment by gravity upon solvent evaporation due to their relatively high density, thus forming a composition gradient that ultimately results in a nonhomogenous sample. On the other hand, via extrusion, the resulting sample (Figure 4A) clearly seems homogenous as charges are uniformly dispersed within the PLA matrix.
[image: Figure 4]FIGURE 4 | Cross-sectional SEM images of the wt% PLA/Ag-coated Cu powder/PEGDME500 9.7/86.5/3.8 (A) filament; (B) film; (C) 3D printed disc.
The electrical resistivity of the Ag-coated Cu/PLA/PEGDME500 filament was then compared with commercially available conductive filaments. Filaments length of 10cm were cut and resistance was measured with a multimeter from both ends. Following the protocol established by the company Multi3D LLC on their website (https://www.multi3dllc.com), silver paste was applied to the ends of the filament before performing the measurement in order to reduce the contact resistance between the probes and the filament. Subsequently, the resistivity values were calculated according to the following Eq. (5):
[image: image]
where ρ is the resistivity of the filament in Ωcm, R is the resistance in Ω,L corresponds to the filament length in cm, and r is the radius of the filament in cm.
After calculations, it appears that the Ag-coated Cu–based filament produced in this work depicts a resistivity of 0.112Ωcm. It is thus much more conductive than commercial filaments produced by Proto-Pasta (4.340Ωcm—PLA/graphite) and Black Magic 3D ( ∼ 0.6Ωcm—PLA/graphene) but less conductive than the commercial Electrifi filament (Multi3D LLC) (resistivity value of about 0.006Ωcm). Hence, the electrical performance could still be optimized through the addition of conductive additives (CSP, CNF, or CNT) or other aspect ratios of Ag-coated Cu additive. On the other hand, from the mechanical standpoint, it is worth mentioning that even if the TME printability of the Ag-coated Cu filament was demonstrated, its printability is still complex due to the introduction of such a high fraction of conductive charges compared with the less conductive commercial Proto-Pasta and Black Magic filaments. Indeed, here, due to the significant number of Ag-coated Cu particles, an accumulation of particles occasionally occurs within the nozzle head through printing, thus blocking the 0.4mm nozzle outlet. In order to find the best compromise between electrical performance and printability, future studies may be focused on the development of 3D printing filament via coextrusion. Therefore, charges could be concentrated in the central part of the filament while a thin coating of pure polymer matrix would wrap it. Such coextruded filament would undoubtedly be much easier to print as it would considerably prevent nozzle clogging issues.
Ag-Coated Cu–Based Current Collector 3D Printed Disc
The previously prepared Ag-coated Cu–based filament was subsequently introduced as a material source to feed the FDM 3D printer. The resulting 3D printed current collector discs were finally obtained and their electrical capability to be used as current collector for the negative electrode was examined (Figure 5). The first step consisted in testing the 3D-printed Ag-coated Cu/PLA/PEGDME500 disc vs. lithium metal directly. From this experiment, as depicted in Figure 6A representing the first discharge profile, an endless plateau corresponding to the alloying process occurring between Ag and Li metal was observed at 0.08V. Consequently, the use of such Ag-coated Cu–based current collector is unfortunately strictly limited to higher potentials, thus limiting its application to only certain types of active material such as LTO or organic materials such as Li2TP, depicting a plateau at 1.5 and 0.7V, respectively. After depositing LTO film (Figure 6B) or Li2TP powder (Figure 6C) on top of the Ag-coated Cu/PLA/PEGDME500 current collector disc, capacity retentions of both samples were recorded. At the tested current densities (C/20, C/10, and C/5), LTO film (Figure 6B) depicts capacity retention very close to the theoretical capacity of the active material (175mAhg−1). This trend here confirms the ability of the Ag-coated Cu/PLA/PEGDME500 sample to be used as current collector. On the other hand, a cell containing Li2TP powder as active material was also tested. As exhibited in Figure 6C, when deposited on top of the Ag-coated Cu/PLA/PEGDME500 3D printed disc, the organic material depicts capacity retention very close to the one achieved without the current collector. It is worth mentioning that, here, the relatively poor electrochemical properties (in comparison with what was achieved in the literature (Armand et al., 2009) using similar active material (up to 300mAhg−1)) are only related to the active material/carbon black ratio and mixing process that still requires to be optimized.
[image: Figure 5]FIGURE 5 | Swagelok-type cells assembly for further electrochemical experiments.
[image: Figure 6]FIGURE 6 | (A) First discharge profile; (B) capacity retention plots at different C-rate for the LTO film (LTO, carbon black, and PVdF-HFP in a weight ratio of 65:14:21) deposited on top of the 3D printed PLA/Ag-coated Cu/PEGDME500 current collector; (C) capacity retention plots at different C-rate for the Li2TP powder preparation (Li2TP and carbon black, in a weight ratio of 70:30 thoroughly mixed in a mortar) deposited on top of the 3D printed PLA/Ag-coated Cu/PEGDME500 current collector.
Furthermore, the application of the Ag-coated Cu/PLA/PEGDME500 sample as current collector within a sodium-based battery technology was also considered. First, the 3D printed disc was tested vs. sodium metal. As depicted in Figure 7A representing the first discharge profile of the Ag-coated Cu/PLA/PEGDME500 sample vs. sodium metal, no plateau corresponding to the alloying process between Ag and Na metal was observed. In this context, from the electrochemical point of view, it appears that the Ag-coated Cu–based current collector developed in this work can be extensively employed on the negative electrode side for a wide range of active materials. This was indeed confirmed through testing a cell in which HC powder was deposited on top of the Ag-coated Cu/PLA/PEGDME500 current collector sample. As shown in Figures 7A,B a reversible capacity of 269mAhg−1 of active material after ten cycles was exhibited.
[image: Figure 7]FIGURE 7 | (A) First discharge profile of the Ag-coated Cu/PLA/PEGDME500 sample versus sodium metal; (B) capacity retention plot for the HC powder deposited on top of the 3D printed PLA/Ag-coated Cu/PEGDME500 current collector.
While a polar polymer matrix (PLA) was introduced in this preliminary study, it must be replaced in the future by a nonpolar and inert matrix such as polyolefin (PP or PE). Indeed, as demonstrated in our previous study (Maurel et al., 2020b), PLA swells when soaked in the liquid electrolyte; thus, it is suspected to have a detrimental effect on electronic conductivity. While this behavior is particularly interesting for a separator, it will significantly limit the long-term mechanical performance of a current collector.
CONCLUSION
In this work, the development of an Ag-coated Cu polylactic acid (PLA) thermoplastic composite filament for its use, once 3D printed via TME, as current collector at the negative electrode side of a classical LIB or sodium-ion battery, has been demonstrated. The high electronic conductivity was achieved here through the deposition of Ag coating on top of Cu powder (after previous etching), while the filament mechanical performance was improved through the incorporation of poly(ethylene glycol) dimethyl ether average Mn∼500 (PEGDME500) as a plasticizer into the PLA polymer matrix. While printability of the resulting bespoke filament still remains complex due to its composite nature (up to 46 vol% of charges), its electrical and electrochemical ability making it suitable for use as current collector was established. Although the current collector developed in this work was shown to form an alloy with lithium metal at 0.08V, its use with active materials such as LTO or Li2TP depicting a plateau at higher potentials was confirmed. Finally, its wide use as current collector at the negative electrode side was verified. No alloy formation with sodium metal was observed, thus confirming its use with a wide range of active materials such as HC. This preliminary study, here, paves the way toward the future optimization (a compromise between electrochemical/electrical and mechanical/printability performance) of such LIB/SIB current collector filament for 3D printing application via TME.
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