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Abstract

:

Two strategies to increase battery energy density at the cell level are to increase electrode thickness and to reduce the amount of inactive electrode constituents. All active material (AAM) electrodes provide a route to achieve both of those aims toward high areal capacity electrodes. AAM electrodes are often fabricated using hydraulic compression processes followed by thermal treatment; however, additive manufacturing routes could provide opportunities for more time-efficient and geometry-flexible electrode fabrication. One possible route for additive manufacturing of AAM electrodes would be to employ plasma spray as a direct additive manufacturing technology, and AAM electrode fabrication using plasma spray will be the focus of the work herein. TiO2 and Li4Ti5O12 (LTO) powders were deposited onto stainless steel substrates via plasma spray processing to produce AAM battery electrodes, and evaluated with regards to material and electrochemical properties. The TiO2 electrodes delivered low electrochemical capacity, <12 mAh g−1, which was attributed to limitations of the initial feed powder. LTO plasma sprayed AAM electrodes had much higher capacity and were comparable in total capacity at a low rate of discharge to composite electrodes fabricated using the same raw powder feed material. LTO material and electrochemical properties were sensitive to the plasma spray conditions, suggesting that tuning the material microstructure and electrochemical properties is possible by controlling the plasma spray deposition parameters.
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1. Introduction


Electronic devices have found increasing integration into everyday life, which results in a corresponding increasing demand for power that drives their operation [1]. Revenues for wearable electronics are projected to increase from USD 80.5 billion to USD 255.6 billion from 2021 to 2026, and these devices continue to move toward sleeker designs and more advanced applications [2]. As battery-powered wearable electronics become even more prevalent, more reliable/extended power supply and custom device geometry may be drivers of consumer preference. Lithium (Li)-ion batteries are the modern standard for portable electronics energy storage with a long history of development dating back to at least 1958 [3]. A variety of different materials and systems have been investigated for further improvements and understanding of battery properties [4,5]. The most common materials used in Li-ion consumer electronics applications include LiCoO2 (LCO) cathode active material paired with graphite anode active material, where both materials are processed into thin composite electrodes containing inactive conductive additives and binders. Researchers have pushed efforts to increase the energy density of these batteries through various methods from altering the electrochemical materials used to redesigning the electrode architecture [6,7,8,9,10,11].



Many material alternatives to graphite and LCO have been investigated depending on the battery application and use case [12]. TiO2 materials have been investigated as an alternative anode material to graphite [13,14,15]. TiO2 has a lower reported volume expansion with lithiation/delithiation (4–8%) compared to graphite (7–12%) and silicon (320%), which can mitigate electrode degradation during cycling [16,17,18]. An additional consideration is that the stable reversible gravimetric capacity of TiO2 is lower than graphite (at ~200 mAh g−1, although the theoretical capacity for reduction of each Ti4+ to Ti3+ would be ~336 mAh g−1) [19,20,21]. The average voltage of TiO2 is at ~1.5 V (vs. Li/Li+), which is also higher than graphite, resulting in a lower cell voltage when paired with a cathode but mitigating the likelihood of Li metal deposition because the potential is so much further from Li metal [21,22]. A titanium oxide material that has seen more maturity in Li-ion battery applications is Li4Ti5O12 (LTO). LTO has a spinel phase crystal structure and is commonly referred to as a “zero-strain” material due to a <1% volume expansion during lithiation/delithiation cycling being desirable for extended cyclability (within the lithiated compositional window of up to Li7Ti5O12) [23]. LTO has an average intercalation potential for Li+ slightly lower than TiO2, and LTO also has a very flat potential for intercalation/deintercalation at 1.55 V (vs. Li/Li+) [24].



In addition to changing the material chemistry, the modification of electrode geometry and microstructure can be used to control and improve electrochemical cell properties [25,26]. Commercial Li-ion electrodes are composites containing electroactive material that participates in electrochemical reactions and inactive additives. The inactive components are polymer binders that improve mechanical properties and impart flexibility to the electrodes and conductive additives (e.g., carbon black), which provide high matrix electronic conductivity [27]. Commercial composite electrodes contain roughly 5–10 wt.% conductive additives and 2 wt.% polymer binder [28,29,30,31]. Despite the necessity of the inactive content in composite electrodes, they occupy weight and volume within the electrode microstructure without contributing to deliverable energy. These additives also restrict ion transport within the microstructure and increase interfacial overpotentials, resulting in relative increases in cell polarization which, at a minimum, reduces charge/discharge energy efficiency and will also restrict rate capability depending on the limiting processes within the cell [32]. By modifying the composition or structure of these composite electrodes the aforementioned drawbacks can be mitigated.



Processing limitations of composite electrodes are a consideration concerning the resulting electrode geometry and microstructure. The electroactive material, polymer binder, and conductive additive are combined with a solvent to form a slurry, which is cast onto the current collector. To ensure a homogeneous distribution of components in the dried slurry, the casting thickness must generally be restricted to prevent the settling of denser components. Finding process alternatives to increase electrode thickness has captured research attention because thicker electrodes require fewer auxiliary components for assembly to achieve the same active material amount. Auxiliary components that do not participate in the chemical reaction include current collectors, porous membrane separators, and wiring. For example, increasing composite electrode thickness from 25 µm to 200 µm was estimated to decrease the auxiliary weight ratio from 44% to 12% [33]. Alternative techniques have been developed by researchers to avoid the previously mentioned issues associated with producing homogenous thick electrodes.



Sintering has proven feasible for processing thick electrodes, achieving thicknesses >200 µm and minimizing or eliminating binders and conductive additives [34]. One route to fabricate such electrodes involves coating active material with polymer binder and hydraulically pressing it into a pellet, which is subsequently thermally treated to achieve mild sintering and binder burn-out. The resulting porous electrode pellet is comprised of entirely active material, denoting these electrodes as all-active material (AAM) electrodes. Additional manufacturing methods for AAM electrodes include 3D printing, freeze-drying, selective etching, and other templating methods [35,36]. These electrodes are different relative to conventional composites in that they achieve greater thicknesses and eliminate non-electroactive additives contained within the electrode. AAM electrodes also have been demonstrated for multiple material constituents, meaning that advances in materials chemistry may be able to be combined with energy density improvements due to electrode microstructure and processing.



In this work, plasma spray deposition was investigated as a method to directly deposit thick AAM electrodes for Li-ion batteries. Plasma spray can be used as an additive manufacturing process that adheres a feed material as a thin film via deposition onto a target substrate. Plasma spray processing has potential advantages as a manufacturing technique for producing battery electrodes due to its ability to be applied onto curved and complex substrates, generating relatively uniform coating layers across wide substrate areas, and having good adhesion between the sprayed material thin film and the target substrate. These are important characteristics especially for additive and/or custom battery electrode geometry systems where electrode stability, formability, and current collector adhesion can be a challenge. Feed powder is melted in a high-energy plasma jet and then deposited via splattering. One of the materials evaluated in this work, TiO2, has a history of use as dense plasma sprayed coatings for abrasion/heat resistance. A potential challenge in using plasma spray for battery electrodes is that typically plasma sprayed coatings are targeted to have low porosities, for example in the range of 5–15% [37]. In comparison, AAM electrodes are often in the range of 30–40 vol% porosity, which is filled with electrolyte during cell fabrication, and this porosity is necessary to mitigate ion transport limitations within thick AAM electrodes [9]. Using plasma spray to directly fabricate battery electrodes has not had many reports, although there have been reports using plasma spray to synthesize battery active material powder. As an example, Chang et al. successfully synthesized LTO particles by plasma spraying a precursor containing lithium and titanium, but that powder was subsequently processed and evaluated in a conventional composite electrode [38]. Other recent reports have investigated both LCO and LTO materials experiencing plasma spray conditions during processing [39,40,41]. Relatively thick AAM plasma sprayed electrodes are expected to provide further opportunity as a case with a unique electrode architecture utilizing plasma spray. Herein, TiO2 and LTO powder were directly plasma sprayed onto a current collector for use as an AAM electrode within a battery cell. Potential advantages of using plasma spray to fabricate AAM electrode cells include reducing the number of intermediate steps in battery assembly by directly adhering the active material to the cell casing, and enabling deposition onto more complex geometries that are inaccessible using prior AAM electrode fabrication methods.




2. Materials and Methods


2.1. Plasma Spray Electrode Fabrication


Plasma spraying was conducted at the Commonwealth Center for Advanced Manufacturing (CCAM). Plasma spray coatings were applied using a Praxair TFA SG-100 plasma gun with powders delivered by a rotary powder hopper. The two oxide powders deposited using plasma spray were TiO2 (Oerlikon Metco (New York, NY, USA), AMDRY) and Li4Ti5O12 (LTO, Nanomyte® BE-10, NEI Corporation, Somerset, NJ, USA). For both oxide powders, polyester powder (Metco 600NS, 60–90 µm) was co-injected to increase the porosity of the deposited films. After coating, any residual polyester domains were removed by heating the coated substrates at 500 °C for 3 h in air. The final porosities for the oxide films were 30–40% on a volume basis.



The plasma was rastered across the substrate surface using a 6-axis ABB IRB-2600 industrial robot (Zurich, Switzerland), in a ladder pattern defined by conditions in Table 1. Plasma conditions for each deposition can be found in Table 2. In the case of LTO, two power conditions were explored denoted as “high intensity” and “low intensity”. For all depositions, the targets/substrates were 2 cm2 discs of 304 stainless steel with a thickness of 0.61 mm. The steel substrates were prepped by grit blasting with aluminum oxide grit in an Empire PF-4848 grit blast cabinet (Langhorne, PA, USA). After blasting, the resulting surface roughness averaged 2.4 µm as determined using a Mitutoyo SJ-210 profilometer (Kawasaki, Japan).



Plasma sprayed TiO2 or LTO on steel substrates, after polyester burn out, were used directly as electrodes in battery cells.




2.2. Material Characterization


Material structural analysis was conducted using powder X-ray diffraction (XRD, PANalytical X’pert ProMPD, Almelo, The Netherlands). Scanning electron microscope (SEM, Quanta 650 FEG-SEM, Hillsboro, OR, USA) images were obtained on received powders, and for powders after processing, using plasma spray or hydraulic compression and heating.




2.3. AAM Electrode Fabrication


AAM electrodes (that were not plasma spray deposited) were prepared to have a similar composition and thickness to the plasma sprayed electrodes. The LCO active material used for electrode fabrication was custom synthesized, with the procedures adapted from co-precipitation and calcination methods previously reported [42]. AAM electrodes were prepared by blending active material powder (LCO, TiO2, LTO) with 2 wt.% polyvinyl butyral (PVB, Pfals & Bauer, Waterbury, CT, USA) binder in ethanol, with a ratio of 2 mL PVB solution per 1.0 g active material. The slurry was mixed via mortar and pestle until all ethanol solvent evaporated. The PVB-coated powder was spread in a 16 mm diameter Carver pellet die and pressed at 5.3 × 104 N for 2 min using a Carver 4350 manual bench top press to fabricate porous pellets. Pellets were fired under an air atmosphere at 600 °C for 2 h with ramping rates for heating and cooling of 1 °C/minute in a Carbolite CWF 1300 box furnace. AAM electrodes were adhered to a stainless-steel disc using a conductive paste. The paste was made using a 1:1 by weight polyvinylpyrrolidone (Sigma Aldrich, St. Louis, MO, USA): Super P carbon black (Alfa Aesar, Ward Hill, MA, USA) slurry with ethanol solvent. After the adhesion of the AAM electrode to the stainless steel, the ethanol was evaporated under vacuum at 80 °C for a minimum of 30 min in a VWR vacuum oven. For AAM electrodes, the loading was 174, 144, and 140 mg cm−2 for LCO, TiO2, and LTO, respectively. Based on dimensions and reported true density for the electroactive materials, the porosity for LCO, TiO2, and LTO AAM electrodes was 0.32, 0.40, and 0.41.



Composite electrodes were fabricated using an 80:10:10 active material:polymer binder:conductive carbon ratio. For composite electrodes made with TiO2 active material, the powder was first fired to 600 °C in an air atmosphere before being processed into an electrode because for the other processes (either plasma spray or AAM thermal processing) the powder was exposed to elevated temperatures. A 12 wt.% Poly(vinylidene fluoride) binder (PVDF, Alfa Aesar) solution dissolved in N-2-Methyl-2-Pyrrolidone (NMP) solvent was used as the slurry base. Active material and conductive carbon were dispersed in the binder solution with equal amounts of NMP solvent to active material added in a conditioning mixer (Thinky AR-100, Tokyo, Japan). The slurry was blended for 3 min mixing and 3 min defoaming to achieve the desired consistency. The resulting slurries were deposited onto an aluminum foil sheet via a doctor blade with a 250 µm gap before drying overnight at 70 °C. Dried composites were punched into 1.6 cm2 discs and assembly of these electrodes into battery cells occurred in an argon glovebox. Composite electrode loading was 6.3 mg cm−2. Stainless steel 2032 coin cell components were used with a microporous separator (Celgard 2325, Charlotte, NC, USA) immersed in 0.1 mL of electrolyte (1.2 M LiPF6 in 3:7 ethyl methyl carbonate, BASF, Ludwigshafen, Germany) to assemble the cell.




2.4. Electrochemical Characterization


Plasma sprayed electrodes were paired with either a Li metal anode (100 μm thickness foil, Livent, Philadelphia, PA, USA) or an AAM LCO cathode. For AAM LCO electrodes, the pellet mass was targeted to achieve a 1.35:1 capacity ratio relative to the plasma sprayed LTO anode, where assumed gravimetric capacities for cell balancing were 175 mAh g−1 LTO and 135 mAh g−1 LCO.



Electrochemical characterization for AAM or plasma sprayed LTO or TiO2 electrodes was evaluated using either lithium metal anode half cells or LCO cathode full cells. All cells were assembled in an argon atmosphere glovebox with two layers of Celgard 2325 microporous separators punched to size (~16 mm diameter circles), and 0.2 mL of electrolyte (1.2 M LiPF6 in 3:7 ethylene carbonate:ethyl methyl carbonate, BASF). Half cells were constructed with an AAM cathode paired with two layers of lithium metal as an anode. TiO2 cells were discharged to a lower voltage cutoff of 0.5 V (vs. Li/Li+) at a C rate of C/5000 (assuming a 200 mAh g−1 TiO2 basis, resulting in a current density of 3.3 µA cm−2). LTO plasma sprayed cells were discharged to a lower voltage cutoff of 1.0 V (vs. Li/Li+) at C/1000 (assuming a 175 mAh g−1 LTO basis, corresponding to a current density of 20.7 µA cm−2). An AAM LTO cell was discharged using the same lower voltage cutoff of 1.0 V at C/100. AAM LTO electrodes have shown high gravimetric capacity utilization relative to the theoretical benchmark as thick AAM electrodes in prior reports [43], allowing more aggressive cycling conditions (higher C rate) with the LTO electrode cells. For full cells with LTO anodes (AAM or plasma sprayed) and LCO cathodes (AAM), the voltage window during cycling was 1.0 to 3.0 V (cell).



Electrochemical impedance spectroscopy (EIS, Gamry Reference 600) was conducted using both AAM and plasma sprayed TiO2 electrodes. The TiO2 was the working electrode/cathode and Li metal was used as both the counter and reference electrode (anode). The coin cells were fabricated using the same methods described above. EIS was conducted both on freshly prepared cells and after the discharge procedure concluded. The EIS was performed with an amplitude of ±10 mV over a frequency range of 1 × 105 Hz to 0.1 Hz.





3. Results


3.1. TiO2 Electrodes


In choosing a material to implement as a plasma sprayed battery electrode, there are tradeoffs with regards to the availability of materials with properties desirable for plasma spray deposition and materials with desirable electrochemical properties (particularly when being fabricated into an AAM architecture). TiO2 is a material readily available with powders targeted for spray deposition applications, though in many cases the target is dense coatings for protection of the underlying substrate [44,45]. Prior reports depositing TiO2 via cold plasma spray in temperatures ranging from 200–1000 °C have demonstrated the deposited films’ ability to obtain targeted crystal structures, morphologies, and particle size [46,47,48]. Our initial plasma spray electrode system used TiO2 because of the availability of commercial plasma spray powders of this material, as well as the extensive literature on the use of TiO2 as a Li-ion battery anode material. The commercial TiO2 powder used had dense particles with sharp edges and sizes typically ranging from 38–70 µm (Figure 1A), where the size and density of the particles would be desirable from a plasma spray deposition application standpoint. Achieving uniform flow characteristics in the plasma jet can be more challenging for finer particles, thus powders for spray applications often have particle sizes between 10–100 µm, with medians around 40 µm [49,50]. From an electrochemical standpoint, large particles will generally result in less interfacial surface area for reaction compared to smaller particles and have larger solid-state ionic and electronic transport distances at the particle level. Both of these outcomes can negatively impact the utilization of available electrochemical capacity for electrodes comprised of these particles, particularly at increasing rates of charge/discharge [51].



An additional component included during the plasma spray deposition was polyester powder, which was co-injected with the TiO2 powder. The polyester was co-injected to increase the deposited film porosity, and any residual polyester was burned out via a thermal post-treatment on the deposited film and substrate. The concern was that if the films were too dense, the ion transport through the microstructure would be too restricted to achieve capacity at reasonable current densities. For relatively thick electrodes, ion transport through the microstructure, in many cases, is the greatest source of cell overpotential and charge/discharge polarization [52]. Electrodes must have sufficient porosity to allow the electrolyte to percolate through the electrode, facilitating interfacial reactions between the solid–solvent interface. In forming the resulting plasma sprayed TiO2 electrodes (Figure 1B) the particles completely melted and created an interlocking web of active material upon impacting the substrate. The average thickness of the TiO2 electrodes was 523 µm, and with the polyester burned-off, processing was successful at making a thick porous AAM electrode. Due to the particles melting and depositing, additional surface area was exposed to the electrolyte for electrochemical reactions.



TiO2 has multiple crystalline phases, with rutile and anatase being the most common polymorphs, that can appear under different processing conditions. The anatase phase has been reported previously for the reversible electrochemical insertion/deinsertion of Li+ [53]. Rutile is the most thermodynamically stable phase, and TiO2 has been reported to convert to rutile after elevated temperature processing [54]. XRD was used to assess the impact plasma spray processing had on the TiO2 phase. The purchased TiO2 had a blend of different phases, although many of the peaks were consistent with the rutile TiO2 phase (Figure 2). After plasma spraying the TiO2, all XRD peaks were consistent with the rutile phase material. The purchased TiO2 powder was only used after thermal treatment, and after heating, the impurity phases were no longer apparent in XRD, and patterns were consistent with only the rutile phase being present. Peaks from the reference rutile sample were consistent with the pattern produced with the samples after plasma spray (JCPS 88-1175) [55].



For the electrochemical evaluation of the plasma sprayed TiO2 electrodes, coin cells were fabricated with Li metal anodes and discharged at extremely slow rates (C/5000, which corresponded to 2.6 µA cm2). Electrodes were discharged at such slow rates, where achieving full assumed theoretical capacity would take 5000 h, to mitigate cell polarization. With TiO2 reducing from Ti4+ to Ti3+ in the voltage range between 1.4–1.8 V (vs. Li/Li+), the electrodes were discharged down to 0.5 V (vs. Li/Li+) to access capacity even if there was still high polarization in the cell [56]. Discharge of the cells provided significantly less capacity than anticipated, with much of the capacity being delivered well below the lower expected range of the potential of 1.4 V (vs. Li/Li+) (Figure 3). At 0.5 V (vs. Li/Li+), the plasma sprayed TiO2 electrode only provided roughly 5 mAh g−1, compared to the 200 mAh g−1 prior reported reversible capacity for other TiO2 materials [19]. Despite the low operating voltage and capacity, the voltage profiles suggested some lithium insertion into rutile TiO2 [21]. These results indicated the electrode had high resistance due to either the intrinsic properties of the purchased material and/or a consequence of the plasma spray processing.



Hydraulically pressed and mildly sintered AAM electrodes were fabricated using the same purchased TiO2 powder, as detailed in Section 2, for comparison to plasma sprayed counterparts. The two electrodes (AAM and plasma sprayed) had similar compositions and thicknesses, and thus the electrochemical characteristics were expected to be similar. The electrode thickness and porosity were targeted to values similar to prior thick AAM electrode reports [42,57]. XRD of the AAM indicated the thermal treatment during processing was sufficient to similarly convert the purchased TiO2 to a rutile phase (XRD pattern can be found in Supplementary Materials, Figure S1). Discharging to the same cutoff voltage and using the same targeted C rate, the AAM electrode provided slightly more capacity (11 mAh g−1 at 0.5 V (vs. Li/Li+)) than the plasma sprayed electrode. As AAM processing has previously resulted in reversible cycling of Li-ion active materials with high capacity utilization [58], the low capacity from both AAM and plasma sprayed electrodes was not expected to result from the manufacturing processes but was attributed to the intrinsic properties of the purchased TiO2 material.



Both the plasma sprayed and AAM TiO2 electrodes had very low capacity relative to previous reports for TiO2 Li-ion electrodes [19,20,21], though the AAM electrode had slightly higher capacity. Improved electrolyte access to the pores in the AAM electrode may have resulted in higher capacity, although, as noted, both electrodes were still well below other reports for TiO2 materials. Many of the prior TiO2 reports used composite electrodes, and thus the original TiO2 feed powder was heat treated under the same conditions as the AAM electrodes to convert to the rutile phase (XRD of the heated powder can be found in Supplementary Materials, Figure S1) and then processed into a composite electrode. Composite electrodes are generally much thinner than the plasma sprayed or AAM electrodes and conductive carbon additives should provide high electrode matrix electronic conductivity. Thus, the composite would be expected to overcome the ionic and electronic transport limitations that would be shared for the plasma sprayed and AAM electrodes. However, the composite TiO2 electrodes also provided a low capacity of <25 mAh g−1 when discharged down to 0.5 V (vs. Li/Li+) (discharge profile can be found in Supplementary Materials, Figure S2). This result suggested the intrinsic electrochemical capacity (e.g., mAh g−1 TiO2) of the particles themselves was relatively low compared to other TiO2 Li-ion electrode reports [59]. The root cause of this low capacity was not exhaustively investigated; however, it is noted that due to the targeted use in plasma spray applications, the particles were much larger than typical battery electrode particles. Their size would result in both relatively high interfacial overpotential due to limited electrochemically active area and overpotential due to relatively large solid state Li+ transport distances to access the interior of the particles during lithiation [60]. Smaller particles have been previously explored as an approach to reduce solid-state diffusion resistance and increase surface area for faradaic reactions to provide capacity [61,62]. Preliminary EIS was conducted for insights into sources of TiO2 resistance as both AAM and plasma sprayed electrodes, where the EIS was performed both after initially fabricating the cell (paired with Li metal counter/reference electrode) and after the discharge process. The resulting Nyquist plots can be found in Supplementary Materials, Figure S3. A summary of extracted equivalent circuit parameters from the EIS can also be found in Supplementary Materials, Table S1. The initial high-frequency intercept value was higher for the AAM electrode cell compared to the plasma sprayed cell. Because all other cell components were the same besides the TiO2, it was speculated that this difference resulted from lower resistance for the contact point(s) between the TiO2 and current collector for the plasma sprayed sample. The high-frequency intercept resistance also increased dramatically after discharge for the AAM electrode, which may have been due to mechanical damage after the lithiation of an even more resistive TiO2-current collector contact. Based on other reports, it was expected that the resistance associated with the semicircle region (associated with charge transfer and interfacial processes) would decrease with lithiation [63,64]. However, the opposite trend was observed where both cells had this resistance increase after discharge. We again speculate that volumetric expansion and mechanical damage of the electrodes may have resulted in this trend, but detailed analysis of this hypothesis will be left to future investigations. Despite the low TiO2 capacity after plasma spraying, there was still some electrochemical capacity, which was at an appropriate voltage range that indicated Ti reduction within the oxide. Thus, we explored using a titanium oxide-based material that was explicitly produced for Li-ion anode applications and investigated if the material could be deposited as a robust and electrochemically active electrode via plasma spray processing.




3.2. Li4Ti5O12 Electrodes


LTO was evaluated next as a plasma sprayed Li-ion electrode using commercially purchased LTO powder. This material has been characterized in multiple reports as an AAM electrode where high capacity, comparable to that from the same source material processed into thinner composite electrodes, can be achieved [65,66,67,68]. LTO also has minimal volume change during lithiation/delithiation, which would be expected to aid in maintaining the mechanical integrity of the plasma sprayed film during charge/discharge cycling [69]. An additional consideration for LTO is that with the intense thermal energy from plasma spray, the crystal structure/composition of LTO could change. For example, Li may be lost from the material structure, and/or a combination of new Li-rich and Li-poor titanium oxide phases may result. Thus, it was expected that with LTO there may be a tradeoff between higher intensity/temperature plasma processing, which would likely result in better adhesion between the fed LTO material and the substrate, and lower intensity/temperature plasma, which would favor maintaining the LTO structure and composition.



LTO particles were significantly smaller than the TiO2 raw material discussed earlier. The LTO primary particles were often less than 1 µm and formed larger porous aggregates (Figure 4A), compared to the 38–70 µm TiO2 particles. LTO material was selected due to prior stable electrochemical cycling in AAM electrodes, rather than for expected flow properties into the plasma jet. While running the risk of powder flow limitations, the smaller particles provided potential benefits of increased gravimetric surface area. Two conditions were used to produce plasma sprayed LTO electrodes, corresponding to a “high intensity” and “low intensity” plasma jet. The high-intensity conditions were nominally the same as those used for the plasma sprayed TiO2 electrodes. Low-intensity conditions were implemented to mitigate thermal impacts on the LTO structure while being sufficient to successfully deposit and adhere material onto the substrate. SEM imaging showing individual splats can be seen for both intensity spray parameters (Figure 4B,C). High-intensity LTO had a similar electrode morphology as the TiO2 electrode, with less branched connections. Low-intensity LTO had more defined splats relative to the high-intensity LTO due to the lower thermal heating of the particles when exposed to the plasma jet under low-intensity spray conditions. These results indicated even the low-intensity parameters still achieved the necessary energy to melt and deposit LTO splats onto the target substrate surface.



The impact of plasma spray processing on LTO crystal structure was evaluated with XRD (Figure 5). The rutile reference pattern was the same as that used previously for TiO2 [55]. The LTO powder as purchased was used for the LTO reference pattern and aligned well with accepted literature for its structure (JCPDS 26-1198) [70,71]. Both high and low-intensity plasma sprayed films had a blend of peaks consistent with both Li4Ti5O12 and rutile TiO2 phases. Comparatively, the high-intensity film had higher relative intensity peaks consistent with rutile phase (110) and (211) planes compared to the low-intensity plasma sprayed material. The low-intensity plasma sprayed film had a much higher relative intensity peak consistent with the (400) peak for LTO. The trend of having comparatively more lithium-lean phases in the high-intensity plasma film was consistent with the loss of Li from the LTO phase under the thermal stress within the plasma jet. The unassigned peaks at 20°, 22°, and 25° would potentially support this Li loss from the LTO material. Both the 20° and 22° peaks, marked by † symbols, were speculated to result from the beta-Li2TiO3 phase being present in the film (JCPDS 33-0831) [72,73]. The presence of this Li-rich impurity would balance the net stoichiometry from the formation of the Li-lean rutile phase, though it is possible there was some net total Li loss in the material. The peak at 25°, marked by ※, was speculated to be contributed by the anatase phase TiO2 (101) peak (JCPDS 84-1286) and had greater intensity in the high-intensity condition where more Li would be expected to be lost from the LTO material [55]. Overall, the XRD results suggested that the plasma sprayed LTO resulted in blended phases, mostly comprised of LTO and rutile TiO2, where the relative presence of the phases was determined by the intensity of the plasma jet. By further optimizing the plasma jet parameters to decrease jet intensity (while maintaining good substrate adherence), it is expected it should be possible to further decrease the relative ratio of the rutile TiO2 phase.



The plasma sprayed LTO electrodes were evaluated electrochemically as primary cells (only had a single discharge) in a similar manner to the sprayed TiO2 electrodes. Electrodes were paired with Li metal anodes and lithiated at a low current. For the plasma sprayed LTO, the electrodes were expected to have less polarization than the TiO2 and were thus discharged at C/1000, which was still a very slow rate but facilitated completing the discharge in a more reasonable total time. Electrochemically, in the literature, LTO has been reported with a plateau voltage of 1.55 V (vs. Li/Li+) and a reversible capacity of 175 mAh g−1 between a 1.0-2.5 V (vs. Li/Li+) operating window [74,75]. In contrast with the TiO2 samples, the LTO cells were not discharged below 1.0 V to avoid over-lithiation, which can occur for LTO between 0.5–1.0 V (vs. Li/Li+) [76]. Both high and low-intensity plasma sprayed LTO electrodes achieved significantly more capacity than the TiO2 electrodes while displaying characteristic LTO discharge plateau regions (Figure 6A). Consistent with the higher fraction of LTO phase observed in XRD patterns, the low-intensity electrode had a longer (higher capacity) plateau, which was indicative of having more of the Li4Ti5O12 phase present for the electrochemical reaction than high-intensity electrode. After the voltage dropped at the end of the plateau region associated with LTO, the discharge profile for both sprayed electrodes had an elbow at 1.42 V (vs. Li/Li+). The additional capacity was speculated to have been provided by the electrochemical capacity of one of the other Ti oxide phases present in the materials, such as rutile or anatase TiO2 because of the XRD patterns (Figure 5) suggesting the presence of these minority phases and the voltage profile associated with the capacity [21]. The high-intensity plasma sprayed electrode had higher capacity in the shoulder region, again consistent with higher relative fractions of other titanium oxide phases for the higher-intensity electrode as observed in XRD. Overall, the low-intensity LTO electrode provided an amount of capacity, 169 mAh g−1, closer to the intrinsic capacity of the LTO material.



Although the plasma sprayed electrodes delivered significant electrochemical capacity and provided proof-of-concept for spray-deposited LTO battery electrodes, AAM LTO electrodes were also fabricated to provide comparative discharge profiles for the same material using similar thick electrode architectures and compositions but without as dramatic of morphology or structural changes as occurs with plasma processing. As previous studies of AAM LTO electrodes have demonstrated higher rate capability, C/100 was still expected to be a sufficiently low current to not encounter major polarization limitations on delivered capacity. The AAM LTO electrode had a nearly identical delivered capacity as the low-intensity plasma sprayed electrode. The high electrochemical capacity for the LTO AAM electrodes further supported that the TiO2 used for plasma sprayed electrodes had intrinsic material limitations that limited electrochemical outcomes and were not limited by the plasma spray processing of the material. Regardless, using too high of a plasma gun intensity leads to a change in the LTO material crystalline phase and can result in material degradation and loss of electrochemical capacity. With electrochemical properties dependent on the plasma spray parameters, the low-intensity jet revealed that adjusting the spraying conditions provided robust and high-capacity electrodes. Optimizing plasma jet parameters provides a potential avenue for further improvement of plasma sprayed electrodes.



Given that the plasma-sprayed LTO electrodes achieved relatively high capacity and that LTO AAM electrodes have previously been cycled through charge/discharge for many reversible cycles, multiple charge/discharge cycles for plasma sprayed LTO were evaluated in a full cell. These LTO electrodes were thick, thus charge/discharge cycling paired with Li metal was not explored as with the high areal capacity (>18 mAh cm−2) cycling limitations as the reactivity of the Li metal with the electrolyte would make assessment of the LTO electrode reversibility challenging [77,78]. Thus, the plasma sprayed LTO electrodes were used as anodes and paired with LCO AAM cathodes. The LCO cathodes were not plasma sprayed and were produced with the AAM fabrication method mentioned in Section 2. LCO was selected as it has been previously used as a high areal capacity AAM electrode paired with AAM LTO in multiple reports [42,79,80]. The AAM LCO electrodes were designed to have a slight excess of capacity relative to the LTO based on the LTO active material mass (in other words, the cells were LTO limited based on an assumption of 175 mAh g−1 LTO). Rate capability evaluation of LTO/LCO full cells where LTO was plasma sprayed and the LCO was an AAM electrode can be found in Figure 6B (representative charge/discharge profiles at different rates can be found in Supplementary Materials, Figure S4). High- and low-intensity sprayed electrodes were examined within the voltage window 1.0–3.0 V (cell) from C/100 to C/10 (where C/10 corresponded to 1.8 mA cm−2). Relatively low current densities were applied for the LTO/LCO full cells compared to traditional rate capability tests due to the relatively large electrode thicknesses. As a result, the rate capability outcomes were intended to inform electrode capacity retention at increasing charge rates. More capacity was provided by the low-intensity plasma sprayed LTO than the high-intensity sprayed LTO at all discharge rates, and both electrodes still provided >40 mAh g−1 by the end of the rate capability evaluation. LTO was expected to have an improved cyclability in relation to other titanium oxides due to low volume change and high electronic conductivity after slight lithiation [81].



The low-intensity LTO electrode experienced more capacity fade with cycling when comparing the first and last cycles at C/100 relative to the high-intensity LTO electrode. The low-intensity electrode did achieve higher discharge capacity for all cycles, despite the greater relative loss of capacity. It is possible, though speculative, that the lower intensity LTO electrode may have had less robust adhesion to the current collector, which impacted the electrode/current collector interface and thus retention of capacity and access to the electrode active material with cycling. Future studies on the tradeoffs in material, mechanical, and electrochemical properties as a function of plasma spray processing conditions will need to be pursued to better understand how these processing-property relationships evolve. The investigation of plasma electrodes was carried out with a relatively thick electrode architecture, which inherently influenced the electrochemical properties due to mass transport limitations. The thickness of plasma sprayed electrodes can generally be controlled through the number of raster sweeps during plasma spray processing. The plasma sprayed electrodes were contrasted with hydraulically pressed and sintered AAM electrodes to provide insights into the influence of the plasma spray process environment on material and electrochemical properties. This report provides an initial evaluation of plasma sprayed LTO and TiO2 electrodes and suggests that high-capacity LTO electrodes can be processed using this manufacturing method.





4. Conclusions


Plasma spraying was demonstrated as an approach to generate thick AAM electrode architectures directly deposited onto a current collector surface. Material selection for such applications must consider both the suitability to plasma spray processing and retention of material and electrochemical properties when exposed to the high-temperature plasma conditions during spraying. TiO2 used in this study was well-suited to plasma spray processing, but the initial powder itself had intrinsic limitations to electrochemical cycling. Both plasma sprayed and AAM TiO2 electrodes had very low electrochemical capacity even at a slow (C/5000) rate, with a capacity <10% the values reported for similar composition and phase materials in the literature. LTO was successfully deposited using plasma spray processing and provided electrodes with electrochemical capacity that approached the limits for this material. A plasma sprayed LTO electrode with lower-intensity plasma processing had a gravimetric capacity that approached the expected limit for LTO and was approximately the same as the capacity observed for an AAM LTO electrode. LTO also had material and electrochemical properties that were dependent on the plasma spray processing parameters, where with higher intensity processing there was evidence of higher relative amounts of impurity phases lean in Li composition that formed in the material. Understanding the interactions between plasma spray conditions and material properties will be important for future research into plasma spray battery electrodes. For example, producing plasma sprayed electrodes of varying thicknesses would provide insight into the thickness limits of plasma sprayed electrodes and how plasma sprayed microstructure influences electrochemical properties.
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Figure 1. SEM images of (A) received TiO2 powder prior to plasma spray and (B) plasma sprayed TiO2 electrode. 
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Figure 2. X-ray diffraction patterns for purchased TiO2 powder (blue, middle) and the resulting thin film after plasma spraying (green, top). Bottom pattern shows reference for rutile phase TiO2 (JCPS 88-1175). 
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Figure 3. Constant current discharge profiles of all active material (dashed line) and plasma sprayed (solid line) electrodes of TiO2 at C/5000. Anode was Li metal. 
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Figure 4. SEM images of (A) LTO particles before processing, (B) LTO after high-intensity plasma spray, and (C) LTO after low-intensity plasma spray. 
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Figure 5. XRD patterns of plasma sprayed LTO at low (blue) and high (green) plasma jet intensities. Li4Ti5O12 (JCPDS 26-1198) and rutile phase TiO2 (JCPDS 88-1175) are provided for reference. † indicates peaks consistent with beta-Li2TiO3 (JCPDS 33-0831) and ※ indicates peaks consistent with anatase phase TiO2 (JCPDS 84-1286). 
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Figure 6. (A) Constant current discharge curves as primary cells for plasma sprayed LTO electrodes with low (solid black) and high (black dashed) plasma jet intensities. All active material LTO electrode (gray dashed) is provided for comparison. Each electrode was paired with a Li metal anode. (B) Discharge capacity for plasma sprayed LTO electrodes fabricated using low (black circles) and high (grey squares) intensity plasma jet settings. Cathodes were AAM LCO electrodes and the voltage window was 1.0 to 3.0 V (cell). For reference, C/100 corresponded to 0.18 mA cm−2. 
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Table 1. Raster path conditions used during plasma spray processing.
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	Parameter
	LTO
	TiO2





	Standoff Distance [mm]
	120
	150



	Surface Speed [mm s−1]
	1250
	1250



	Step Size [mm]
	3
	3










 





Table 2. Detailed plasma spray process conditions for the three electrodes evaluated in this work.
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	Parameter
	TiO2
	LTO (High Intensity)
	LTO (Low Intensity)





	Jambox Voltage [V]
	70
	78
	55



	Gun Current [A]
	330
	230
	200



	Gun Powder [kW]
	23
	18
	11



	Argon Flow (Primary)

[×10−3 m3 s−1]
	0.783
	1.50
	1.33



	Hydrogen Flow (secondary)

[×10−3 m3 s−1]
	0.200
	0.200
	0.030



	Powder Feed Rate

[g min−1]
	20
	15
	15



	Polyester Feed Rate

[g min−1]
	5
	4
	12
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