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Abstract:



As a concept for electrode architecture in high power lithium ion batteries, self-supported nanoarrays enable ultra-high power densities as a result of their open pore geometry, which results in short and direct Li+-ion and electron pathways. Vertically aligned carbon nanotubes (VACNT) on metallic current collectors with low interface resistance are used as current collectors for the chemical solution infiltration of electroactive oxides to produce vertically aligned carbon nanotubes decorated with in situ grown LiMn2O4 (LMO) and Li4Ti5O12 (LTO) nanoparticles. The production processes steps (catalyst coating, VACNT chemical vapor deposition (CVD), infiltration, and thermal transformation) are all scalable, continuous, and suitable for niche market production to achieve high oxide loadings up to 70 wt %. Due to their unique transport structure, as-prepared nanoarrays achieve remarkably high power densities up to 2.58 kW kg−1, which is based on the total electrode mass at 80 C for LiMn2O4//Li4Ti5O12 full cells. The tailoring of LTO and LMO nanoparticle size (~20–100 nm) and VACNT length (array height: 60–200 µm) gives insights into the rate-limiting steps at high current for these kinds of nanoarray electrodes at very high C-rates of up to 200 C. The results reveal the critical structural parameters for achieving high power densities in VACNT nanoarray full cells.
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1. Introduction


The development of lithium ion batteries (LIB) that enable fast charging combined with high safety and a long cycle life is crucial for their applications in the fields of mobile electronic devices and hybrid electric vehicles [1,2]. However, today’s conventional LIBs still suffer from rather slow charging/discharging performance using conventional electrode materials such as, for instance, graphite as a typical anode material [3]. Therefore, in recent years, huge efforts were made to increase the rate capabilities of LIB by introducing new electroactive material classes e.g., spinel-structured materials such as Li4Ti5O12 (LTO) and LiMn2O4 (LMO) in a wide range of accessible nanostructures such as nanoparticles [4,5,6], nanotubes [7,8,9], nanowires [10,11], nanosheets [12,13,14], mesoporous materials [15,16,17] and many more. Although increasing rate capabilities were successfully achieved, it is well known that the electrochemical properties of the electrode materials do not play the only key role, the electrode and current collector interface architecture [18,19] are key as well. State of the art LIB electrodes are produced by mixing electrochemical active powders with polymer binders and conductive agents such as carbon black [20,21], carbon nanotubes [22,23], or graphene [24,25]. The resulting slurries are coated onto Cu/Al current collectors as a ~100 µm thick film. Electrodes produced in this way usually suffer from large internal electrical resistances resulting from the grain boundaries between electroactive material, conductive agent, and binder. Moreover, long ion diffusion pathways, limited electron transport through a percolating network of the electron-conducting additive, and a high contact resistance between the current collector and the electrode composite introduce additional undesirable interfaces, and thus increase charge transfer resistances. Recently, the concept of self-supported nanoarray electrodes came up as a new approach for high rate capability LIBs [26,27,28,29,30,31,32,33,34,35,36]. Binder-free nanoarray electrodes are directly grown on the current collector, which creates several benefits for the electron and Li+-ion transport within the electrode. The close electrical contact created between the electrode material and the current collector reduces charge transfer resistances. Moreover, the vertical alignment induces direct pathways for electron transport, which heavily reduce the amount of phase boundaries, and therefore allows very fast electron transport. In addition, such arrays exhibit a large specific surface area and an open pore geometry, making the electroactive material easily and directly accessible for Li+-ions, and ensuring fast Li+-ion diffusion, as well as high active material utilization. Nevertheless, most reported metal oxide nanoarrays, such as for LTO and LMO, do not consider the integration into electron conductive host architectures, and thus have insufficient electrical conductivity to achieve high power densities. Furthermore, complex syntheses are often needed, which are not scalable and can only either be used for the preparation of the anode or the cathode material. Thus, to the best of our knowledge, no full cell 1D nanoarray LIB has been reported so far.



As illustrated in Figure 1, we have reported an alternative approach in an earlier publication the preparation of vertically aligned carbon nanotubes (VACNT) on metal foil decorated with in-situ grown LTO nanoparticles via spray deposition of precursor solutions [37]. It was shown that our approach offered the above-mentioned benefits of nanoarray electrodes, as well as highly conductive carbon nanotubes (CNT) and short Li+-ion electron pathways inside LTO nanoparticles, resulting in particularly high charging/discharging rates. However, essential questions concerning the rate-limiting steps at high currents, and the potential of full cells completely based on 1D nanoarrays, remained unanswered. Therefore, we hereby report on the preparation of in situ grown LMO nanoparticles on VACNT, making it possible to prepare both anode and cathode materials as 1D nanorrays with the same carbon host material. We are thereby able to show the high versatility of our approach regarding the deposited electroactive materials. Even of higher importance is the possibility of studying the concept of VACNT-based high power electrodes for the first time in full cells.


Figure 1. Schematic concept of vertically aligned carbon nanotubes (VACNT)-based Li4Ti5O12 (LTO) and LiMn2O4 (LMO) nanoarrays.
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2. Experimental Section


All chemicals and materials were of analytical grade, and used directly without any further purification.



2.1. VACNT Synthesis


VACNT on nickel foil (Alfa Aesar (Haverhill, MA, USA), 50 µm thick, >99%) were synthesized by chemical vapor deposition (CVD), as described in detail in earlier publications [38,39]. A 50 µm-thick nickel foil (Alfa Aesar, >99%) was coated via dip coating, first with a 50 nm-thick buffer layer of Al2O3, and then with a 40 nm-thick layer of an iron–cobalt catalyst (40 mol % Fe, 60 mol % Co). The CVD process resulted in VACNT on the upper side of the substrate with a length of approximately 60, 100, 150, and 200 µm, and a VACNT load of ~0.6, 1.0, 1.5, and 2.0 mg cm−2, respectively.




2.2. Synthesis of the LTO Precursor


In a typical approach, lithium nitrate (66.5 mmol, Alfa Aesar, 99%) was dissolved in a mixture of ethanol (54 mL, Carl Roth (Karlsruhe, Germany), ≥99.8%) and hydrochloric acid (4.2 mL 36 wt % in H2O, Alfa Aesar). Subsequently, titanium butoxide (47.5 mmol, Sigma Aldrich (St. Louis, MO, USA), 97%) was added, and the mixture was stirred, resulting in a slightly yellow, clear solution.




2.3. Synthesis of the LMO Precursor


In a typical approach, lithium nitrate (20.45 mmol, Alfa Aesar, 99%) was dissolved in a mixture of methanol (22 mL, Carl Roth, ≥99.5%) and isopropanol (22 mL, Carl Roth, ≥99%). Subsequently, manganese acetate tetrahydrate (32.64 mmol, Carl Roth, ≥99%) was added, and the mixture was stirred, resulting in a light brownish, clear solution.




2.4. Preparation of the LTO-/LMO-VACNT Composite


The VACNT electrodes were infiltrated with the LTO/LMO precursor by room temperature spray deposition (flow rate: 2.5 mL min−1) without any pretreatment of the VACNT. The active material load was thereby adjusted via the quantity of spray cycles, with approximately 1.0 mg cm−2 per cycle. The samples infiltrated with LTO precursor were subsequently placed in an argon-purged quartz glass tube furnace (diameter = 42 mm) and heated with 40 K min−1 to 800 °C in argon. The samples were kept at 800 °C for 2 h while an argon flux of 1 L min−1 was applied. After cooling to 150 °C in argon, the samples were removed from the furnace. The samples infiltrated with LMO precursor were placed in a muffle furnace and heated with 10 K min−1 to 225 °C in air for 2 h to 12 h. The samples were removed from the furnace without any cooling. The as-synthesized composites were transferred for electrochemical testing from the nickel substrate onto a 15 µm-thick primer coated aluminum foil (MTI Corporation (Richmond, CA, USA), 99.3%, 3.68 mg cm−2) by the use of a hot press (LaboPress P 200 T manufactured by Vogt Maschinenbau GmbH, Germany). The hot press molding was performed at 80 °C for 10 min, and then cooled to room temperature [40,41].




2.5. Material Characterization


X-ray diffraction (XRD) analysis was recorded on a X'Pert Pro (PANalytical, Almelo, The Netherlands) with Cu-Kα-Radiation. The morphologies of the samples were investigated using field emission scanning electron microscopy (SEM, SU8020 by Hitachi High-Technologies (Krefeld, Germany)). High resolution transmission electron microscopy (HRTEM) analyses were performed using a JEM-2100 by JEOL (Freising, Germany). Thermogravimetric analysis was recorded on a STA 409 by Netzsch (Selb, Germany) with a heating rate of 1 K min−1.




2.6. Electrochemical Characterization


For electrochemical studies, coin cells were assembled without any binders or additional conductive agents as half-cells, and as LTO//LMO full cells in a glovebox filled with argon (MBraun; O2 < 0.1 ppm; H2O < 0.1 ppm). In half-cells, the LTO– or LMO–VACNT composite electrodes served as the cathode, and a 250 µm-thick lithium chip (PI-KEM; 99%; d = 15.6 mm) served as the anode. The electrodes were separated by a 25 µm-thick polypropylene foil (Celgard 2500). LTO–VACNT half-cells were soaked with 40 µL LP 30 (LP 30 SelectiLyteTM, 1.0 M LiPF6 in EC/DMC = 50/50 (v/v); Merck) as electrolyte, whereas LMO–VACNT half-cells, as well as the full cells, were soaked with 40 µL 1.0 M LiPF6 in EC/DEC = 30/70 (v/v) (3/7) (BASF). Additionally, a stainless steel spacer (1000 µm thick) was used to ensure a good electrical contact of the cell components. Cyclic voltammetry (CV) was carried out with an IVIUM-N-STAT multi-channel analyzer (Ivium Technologies, Eindhoven, Netherlands) using a potential range of 3.0–4.5 V and a sweep rate of 0.1 mV s−1. Galvanostatic charge/discharge tests were carried out at different charge/discharge rates (1 C up to 250 C, each rate five cycles) using a BaSyTec Cell Test System (BaSyTec GmbH, Asselfingen, Germany). The specific capacities are calculated based on the total LTO or LMO mass. Power and energy densities are calculated based on the total electrode mass, including half the mass of primer-coated aluminum current collectors per electrode. For reasons of clarity, the specific capacities, as well as the areal power and energy densities, are shown as average values from five cycles at a constant C-rate.





3. Results and Discussion


3.1. Structure Characterization of LTO– and LMO–VACNT Nanoarrays


As illustrated in Figure 2, self-supported LTO– and LMO–VACNT nanoarrays were produced directly on VACNT–nickel substrates using a scalable liquid spray deposition technique, followed by an annealing step. Based on the open pore system of the VACNT, the infiltration step via low-viscosity precursor solutions is thereby enhanced by capillary forces. In this way, the entire surface of the CNT is homogeneously coated with precursor, subsequently resulting in highly distributed metal oxide particles. The in situ synthesis of LMO on VACNT requires the oxidation of manganese (II) acetate to LMO. Thus, the synthesis is performed in air, which potentially facilitates CNT oxidation, and in consequence leads to decreased electron conductivity. In order to avoid CNT oxidation, the oxidation temperature of the CNTs, in combination with the LMO precursor, was examined by TGA measurements. While pristine CNT start to oxidize at about 400 °C, in direct contact with the LMO precursor, the oxidation temperature of the CNT is significantly decreased to about 250 °C, which can be attributed to the catalytic effect of the manganese compound on the decomposition of carbon materials (cf. Figure S1) [42]. Therefore, the annealing temperature used for LMO–VACNT synthesis needs to be below 250 °C. Nevertheless, well-crystallized LMO particles are essential for high rate capabilities, which make it necessary to study the length of the annealing time. In Figure 3a, the XRD patterns of LMO–VACNT nanoarrays at increasing annealing times from 2 to 24 h are shown. The diffraction peaks of the 2 h sample are assigned to spinel-structured LMO, with some additional peaks at 2θ = 28.9°, 2θ = 31.0°, and 2θ = 32.4°, which are assigned to Mn3O4 with about 5–10 wt %. Furthermore, the peak at 18.4° is slightly shifted to smaller angles due to the Mn3O4 impurity. The broad reflection peak at 2θ = 26.6° is assigned to graphitic CNT layers, and the strong peaks at 2θ = 44.5° and 2θ = 51.8° result from the nickel substrate foil. With increasing annealing time, the Mn3O4 impurity disappears and thus phase pure, crystalline LMO–VACNT nanoarrays can be prepared at temperatures as low as 225 °C. With regard to the full width at half maximum of the (111) reflection peak, the samples show no significant differences at increasing annealing times. Based on the Scherrer equation, this indicates very similar crystallite sizes of about 11–13 nm throughout all of the samples. In combination with the increasing reflection peak intensity, this suggests an increasing amount of crystalline LMO particles by longer annealing times without any influence on the particle size. This is most likely due to the incomplete LMO synthesis shown by Mn3O4 impurities at shorter annealing times. The morphology of the 24 h LMO–VACNT sample was further examined using SEM. In Figure 3b, it can be seen that LMO nanoparticles with sizes up to 15 nm are directly deposited on the CNT surface, and thus exhibit a strong adhesion. As shown in Figure S2, the macroscopic structure of the VACNT nanoarray, with its open porosity, was conserved during LMO synthesis. For further analysis, the LMO–CNT interface was investigated in Figure 3c by high resolution TEM. The image reveals that the crystal lattice of the LMO particle has an interplanar spacing of 0.476 nm. This is consistent with the (111) lattice plane of the spinel structure, which indicates a well-crystallized LMO phase. Moreover, it can be clearly seen that the crystalline phases are in direct contact with the outer CNT layer. As a consequence, this should allow very fast electron transport between LMO and CNT, which is a crucial point for high rate performance. The X-ray diffraction (XRD) pattern of a 70 wt % LTO–VACNT nanoarray is shown in Figure 3d. The diffraction peaks can be assigned to phase pure, crystalline spinel-structured LTO. The morphology of the LTO–VACNT nanoarray was investigated by SEM, and is shown in Figure 3e. LTO nanoparticles with sizes up to about 100 nm were directly grown on the CNT. In an analogous manner, as for the LMO–CNT interface, the LTO–CNT interface was examined in Figure 3f by high resolution transmission electron microscopy (HRTEM). It is revealed that the LTO nanoparticle has a d-spacing of 0.482 nm, which corresponds to the (111) lattice plane of LTO, and that the crystalline LTO phase is likewise in direct contact with the outer CNT layer. More detailed studies regarding the morphology of as-prepared LTO–VACNT nanoarrays, and their electrochemical characterization, were published earlier [37].


Figure 2. Schematic synthesis of LTO– and LMO–VACNT nanoarrays using spray deposition and a subsequent drying and annealing step.
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Figure 3. (a) XRD pattern of 35 wt % LMO–VACNT nanoarray samples with increasing annealing times ranging from 2–24 h. The light blue bars indicate the LMO reference (ICDD No. 35-0782), reflection peaks marked with (*) refer to nickel. (b) SEM image of LMO–VACNT nanoarray. (c) High resolution transmission electron microscopy (HRTEM) image of a highly crystalline LMO particle deposited on the carbon nanotube (CNT) surface. (d) XRD pattern of a 70 wt % LTO–VACNT nanoarray. The black bars indicate the LTO-reference (ICDD No. 26-1198). (e) SEM image of a LTO–VACNT nanoarray. (f) HRTEM image of a highly crystalline LTO particle directly grown on the CNT surface.
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3.2. Electrochemical Characterization of LMO-VACNT Nanoarrays


The Li+-ion storage performance of LMO–VACNT nanoarrays prepared at different annealing times was studied in coin cells by cyclic voltammetry. As shown in Figure 4a, all of the samples exhibit two well-defined pairs of reversible redox peaks between 3.9–4.2 V. The first redox pair at about 4.03/3.99 V corresponds to the (de)intercalation of Li+-ions into half of the tetrahedral sites with Li–Li interaction, and the second redox pair at about 4.16/4.12 V is assigned to the other half of tetrahedral sites without Li–Li interaction [43,44]. The redox peaks are well separated, and their shapes are very similar throughout the annealing time series, indicating well-crystallized LMO particles. However, current peak heights are significantly increased with longer annealing times as LMO synthesis and particle formation progresses. The potential difference between the cathodic and anodic peak of a redox pair can be used as an indicator for the polarization of the cell. The cells show a very small polarization of 0.04 V, and thereby small cell resistance and fast kinetics can be assumed. For further electrochemical studies, the cells were charged/discharged at 1 C (1 C = 148 mA g−1). The resulting voltage profiles in Figure 4b clearly show an increase of discharge capacity with increasing annealing times. With a discharge capacity up to 126 mAh g−1, the 24 h sample matches the practically achievable capacity of LMO. In consequence, it can be assumed that the LMO synthesis is fully completed at this point. The profiles also exhibit two specifiable voltage plateaus at about 4.12 V and 3.98 V, which are assigned to the lithiation of λ-MnO2 to Li0.5Mn2O4, and then in the second plateau to LiMn2O4 [45,46]. In order to achieve the full performance of LMO–VACNT nanoarrays, galvanostatic charging/discharging up to 100 C was studied. As shown in Figure 4c, the specific discharge capacities at rates up to 20 C increase with increased annealing time from 2 h to 24 h, as LMO synthesis progresses and more LMO particles are available for (de)lithiation. However, the picture changes at high C-rates. The discharge capacity of the 24 h sample drops to 30 mAh g−1 at 100 C, whereas the 12 h sample still exhibits a high capacity of 65 mAh g−1, even though LMO synthesis is not fully completed. This effect can be most likely explained due to a slow progressing oxidation of the CNT surface, which leads to a reduced electric conductivity. A reduction of the electric conductivity especially affects the cell performance at high C-rates, as overpotentials are vastly increasing, and eventually, lower capacities are achieved. In consequence, the better conservation of the CNT conductivity at 12 h overcompensates the benefits of a fully completed LMO synthesis at 24 h annealing. For further studies of LMO–VACNT nanoarrays, the annealing time was determined at 12 h. With regard to practical use, electrodes with higher LMO to CNT ratios are reasonable because of their expected higher power and energy density. For the preparation of high LMO to CNT ratios, an additional annealing step in argon prior to the annealing step in air was used. In this way, a better particle formation on the CNT surface was achieved, as shown in Figure S3. The size of the LMO nanoparticles in as-prepared LMO nanoarrays increases to 25 nm. The performance of a LMO–VACNT nanoarray with higher LMO weight ratio was studied by galvanostatic charging/discharging up to 100 C. In Figure 4d, the performance of a 67 wt % (2.4 mg cm−2 LMO) and a 35 wt % (0.8 mg cm−2 LMO) LMO–VACNT nanoarray are shown in comparison. At 1 C, both nanoarrays exhibit discharge capacities of about 120 mAh g−1, indicating a high LMO utilization. Up to rates of 50 C, the nanoarrays show a very similar small and almost linear capacity decrease. In this way, the capacity of the 35 wt % nanoarray continuously drops to 65 mAh g−1 at 100 C. In contrast, the 67 wt % nanoarray shows an abrupt capacity drop at 60 C, and a significantly decreasing capacity at even higher rates. Regarding this result, it has to be mentioned that with a higher LMO load, the areal current density is likewise increased at a constant C-rate. Eventually, a higher areal current density results in an increased cell resistance and a lower rate capability. For a more reasonable comparison of the electrode performance, the results are plotted against the areal current density instead of C-rate. Figure 4e shows that the discharge capacities of both LMO ratios are basically the same when being referred to current density, and thus, both electrodes exhibit highly similar performances. Nevertheless, the 67 wt % nanoarray still shows a capacity drop starting at 14 mA cm−2. The reason for this capacity drop can be found in the voltage profile in Figure 4f. As the current density increases, the LMO discharge plateaus are shifted to lower potentials. As a result, the capacity of LMO is significantly decreased when parts of the discharge plateaus are shifted below the tested potential limit of 3.5 V. Altogether, LMO–VACNT nanoarrays with a high LMO areal load of 2.4 mg cm−2 exhibit excellent LMO utilization and high rate capability.


Figure 4. Electrochemical characterization of LMO–VACNT nanoarrays prepared at 2 h, 4 h, 8 h, 12 h, and 24 h/225 °C. (a) Cyclic voltammograms at a sweep rate of 0.1 mV s−1. (b) Voltage profiles at 1 C. (c) Discharge capacities at galvanostatic rate test up to 100 C. (d) Rate performance test of a 35 wt % and a 67 wt % LMO nanoarray. (e) Rate performances plotted against the applied areal current density. (f) Voltage profile of a 67 wt % LMO nanoarray at increasing C-rates.
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3.3. Structure Property Relationship in LTO-VACNT Nanoarrays


One of the most important factors influencing the rate capability of LIB is considered to be the length of the Li+-ion diffusion pathway. It is determined both by the particle size of the electrochemical active materials and the thickness and pore geometry of the electrode. For nanoarray-based electrodes, it is expected that the open pore geometry enables very direct and unhindered Li+-ion diffusion pathways within the electrode. Furthermore, the Li+-ion diffusion coefficient is several orders of magnitude higher in the electrolyte (~10−6 cm2 s−1 for LP30) [47,48] than in LTO (~10−12–10−14 cm2 s−1) [49,50,51] or LMO (~10−12–10−14 cm2 s−1) [52,53]. However, Li+-ion diffusion lengths are several orders of magnitude longer in the electrolyte (up to 175 µm) than in the particles (10–50 nm), which eventually leads to similar time scales for both diffusion processes. Taking this into consideration, we investigated both diffusion processes starting with the influence of particle size reduction for 70 wt % LTO–VACNT nanoarrays, as LTO particle size is easily adjustable by using a cyclic synthesis method. Due to the in situ synthesis method, LTO particle size is tuned by the amount of infiltrated LTO precursor per CNT surface. At a constant CNT height, high precursor amounts result in larger LTO particles than low precursor amounts. Consequently, by reducing the amount of infiltrated precursor, and therefore repeating the infiltration and annealing cycle several times, the LTO particle size is adjustable. The SEM image of a 70 wt % LTO–VACNT nanoarray synthesized via cyclic method in three cycles is shown in Figure 5a. It can be clearly seen that LTO nanoparticles with particle sizes in the range of 20–30 nm are deposited on the CNT surface. This is a significant reduction of particles size compared with the 100 nm particles synthesized via standard method in Figure 3e. Furthermore, the repeated precursor infiltration and deposition onto already formed LTO particles in the second and third cycle still lead to well separated LTO particles. The XRD pattern of the as-prepared (cyclic method) LTO–VACNT nanoarray in Figure 5b shows phase pure LTO without any side phases. With regard to the full width at half maximum of the reflection peaks, a clear broadening can be observed. Based on the Scherrer equation for the (111) reflection peak, this indicates decreased crystallite sizes of 19 nm, compared with 29 nm for the standard method. To study the influence of particle size reduction on rate capability, 75 wt % (2.95 mg cm−2) LTO nanoarrays with a height of 100 µm were charged/discharged up to 200 C in galvanostatic mode. In Figure 6a, it can be seen that particle size reduction significantly affects both the utilization and rate capability of LTO. At 1 C, a huge increase in discharge capacity is observed from 128 mAh g−1 to 180 mAh g−1 for small particles, indicating a significantly improved LTO utilization. The achieved capacity is even higher than expected from the theoretical value of 175 mAh g−1, which is due to the additional capacity provided by double-layer capacity [54,55]. As C-rates are increased up to 50 C, the discharge capacities for both nanoarrays decrease by a very similar amount of capacity, to 65 mAh g−1 and 105 mAh g−1, respectively. However, at even higher C-rates, the discharge capacities for the small particle nanoarray starts to drop rapidly to 54 mAh g−1 at 100 C, which is in the same range as large particles with 48 mAh g−1 at that C-rate. For the highest C-rates up to 200 C, both nanoarrays exhibit basically the same discharge capacities, regardless of the LTO particle size. This result is quite unexpected, because especially at high C-rates, the shorter Li+-ion pathways, as well as the lower surface area specific current density, should be highly beneficial for smaller particles in terms of rate capability. A closer look regarding this issue is given by the voltage profiles in Figure 6b. At a low current density of 0.96 mA cm−2, both nanoarrays exhibit a flat voltage plateau around 1.53 V, which can be assigned to the Li+-insertion of LTO. The potential almost matches the theoretical plateau of 1.55 V, indicating very low electrical resistances in the electrode [56,57]. At a higher current density of 24.1 mA cm−2, the beneficial effect of particle size reduction on the electrical resistance can be clearly seen. For bigger particles, the potential of the plateau is lowered to 1.33 V, whereas the smaller particles show a much higher discharge potential, starting at 1.44 V. This is due to a smaller surface current density for smaller particles, resulting in lower electrical resistances. At a current density to 48.2 mA cm−2, there is basically no difference in both voltage profiles. This leads to the conclusion that particle size is an important structural characteristic of nanoarrays. However, for the highest current densities, the rate capability seems to be limited by another factor. Based on the relatively large height of studied VACNT nanoarrays, this factor could be the Li+-ion diffusion in the electrolyte. To study the influence of electrolyte diffusion on rate capability, cells were charged/discharged in galvanostatic mode at various temperatures, since the Li+-ion diffusion coefficient is highly temperature-dependent. Therefore, LTO nanoarrays were prepared via cyclic method with 65 wt % (2.77 mg cm−2) LTO and a larger height of 150 µm to further increase the Li+-ion pathway, and thus clarify the influence of Li+-ion diffusion in the electrolyte. In Figure 6c, the results at temperatures between −15 °C to 50 °C are shown. The critical C-rate characterizing the discharge capacity drop can be taken as a measure for rate capability. For 0 °C, 25 °C, and 50 °C, the critical C-rate is 10 C, 30 C, and 90 C, respectively. Thus, it can be clearly seen that elevating the temperature of the cells results in an immensely improved rate capability. As a consequence, this result strongly indicates that Li+-ion diffusion in the electrolyte, and therefore the height of the nanoarray, could be limiting factors at the highest C-rates. However, elevating the temperature also increases the Li+-ion diffusion coefficient of LTO. To further clarify the limiting influence of the height, LTO–nanoarrays with a thickness of 60 µm, 100 µm, and 150 µm, and constant 70–74 wt % LTO (1.69 mg cm−2/2.75 mg cm−2/3.59 mg cm−2 LTO) were prepared, and charged/discharged up to 200 C in galvanostatic mode. The results of the rate test are shown in Figure 6d. At lower C-rates up to 20 C, all three nanoarrays exhibit relatively similar discharge capacities with 94, 101, and 99 mAh g−1 for 150, 100, and 60 µm, respectively. However, discharge capacities already start to heavily drop at 20 C for the 150 µm sample. A similar capacity drop occurs for the 100 µm sample only at a higher rate of 40 C. The 60 µm nanoarray shows no heavy capacity drop at all, but continuously loses capacity, and thus exhibits by far the best rate capability. This clearly demonstrates the limitation of the C-rate with increasing nanoarray height. The reason for this limitation can be found in the uneven distribution of current density in the nanoarray, which is due to limited Li+-ion diffusivity within the nanoarray [58,59]. On discharging, the current density is shifted from the separator/electrode boundary towards the current collector. Thus, the total applied current density is at first only affecting the LTO particles at the top of the nanoarray. Moreover, current densities are increasing with the height of the nanoarrays, as total mass of LTO is likewise increased. This causes much higher electric resistances at the affected LTO particles, and therefore lower LTO utilizations when increasing the height of the nanoarrays. This limitation can also be seen in Figure 6e by plotting the absolute capacity against the current density. Up to a current density of around 10 mA cm−2, all three samples show a very similar capacity trend. However, the capacities start to heavily drop at a critical current density of 12.6 mA cm−2 and 19.2 mA cm−2 for the 150 µm and 100 µm nanoarrays, respectively. It is noticeable that the 100 µm and 150 µm samples exhibit basically the same absolute capacity at current densities exceeding approximately 20 mA cm−2. At current densities of 34 mA cm−2 and higher, all three nanoarrays exhibit very similar capacities. This clearly demonstrates that due to the limitation of Li+-ion diffusion, only a certain amount of charge carriers can be transported within the nanoarray at a specific current density, which is independent of the nanoarray height. The influence of this limitation on the power density referring to the full electrode mass is shown in Figure 6f. The obtained peak power densities are immensely increasing from 1.3 kW kg−1 to 1.8 kW kg−1 to 2.3 kW kg−1 as nanoarray heights are decreased from 150 µm to 100 µm to 60 µm. Regarding high power densities, these results make it very clear that characteristic dimensions matter not only for the active oxide materials, but also for the height of the nanoarrays, despite their open pore geometry.


Figure 5. (a) SEM image of 70 wt % LTO–VACNT nanoarray synthesized via cyclic infiltration and annealing method; (b) XRD pattern of cyclic LTO–VACNT nanoarray in comparison with the standard method. The inlet shows a magnification of the (111) reflection peaks.
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Figure 6. (a) Galvanostatic rate test up to 200 C of 70 wt % LTO–VACNT half-cells synthesized via cyclic and standard method. (b) Voltage profiles of cyclic (solid line) and standard (dashed line) synthesis method LTO–VACNT half-cells. (c) Galvanostatic rate test of cyclic method LTO–VACNT half cells at different temperatures. (d) Galvanostatic rate test of 80 wt % LTO–VACNT half-cells with varying VACNT heights. (e) Capacity of LTO–VACNT half-cells at increasing areal current density. (f) Power density of LTO–VACNT electrodes at increasing areal current density.
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3.4. Electrochemical Characterization of LTO//LMO-VACNT Full Cells


As shown in the results so far, VACNT-based nanotubes are capable of delivering high power densities in half-cells against lithium. However, lithium electrodes possess solid electrolyte interfaces (SEI), as well as planar electrode/electrolyte interfaces, which can have negative effects on the rate capability at high current densities. To explore the potential of VACNT-based nanoarrays regarding high power applications without the effects of lithium electrodes, LTO–VACNT nanoarrays on aluminum foil were used as the anode, and LMO–VACNT nanoarrays on aluminum foil were used as the cathode in a full cell setup, as shown in Figure 7a. In such VACNT-based full cells, SEI formation and the electroactive surface current density are heavily decreased, whereas the pathway between the electrodes is increased. The LTO to LMO nominal capacity ratio was adjusted to be equal. For a constant CNT height of 100 µm, this results in 55 wt % LTO–VACNT electrodes and 68 wt % LMO electrodes. Figure 7b shows the voltage profiles of LTO and LMO half-cells against lithium, as well as the corresponding LTO//LMO full cell at 1 C. As expected from the voltage plateaus of the half-cells, the LTO//LMO full cell exhibits an operating voltage of about 2.55 V. The specific capacity obtained for the LTO//LMO cell referring to LTO is 130 mAh g−1. This is way below the specific capacity of LTO//Li, because the LMO utilization is at about 80% of its theoretical capacity. The specific capacity of LTO with 190 mAh g−1 is even higher than expected from the theoretical value of 175 mAh g−1, which is due to the additional capacity provided by double-layer capacity. In order to increase the cells’ performance, an adjustment of LTO to LMO ratio is needed. Thus, the LTO:LMO nominal capacity ratio is increased to 1:1.6, which results in 80 wt % LMO–VACNT nanoarrays. Additionally, the influence of the heights of the nanoarrays on the power and energy density of the full cell with consistent LTO:CNT and LMO:CNT ratios are also studied. The full potential regarding the rate capability of balanced full cells based on 100 µm- and 200 µm-high nanoarrays is shown in Figure 7c. Due to the improved balancing of the LTO to LMO ratio, discharge capacities of 176 mAh g−1 and 170 mAh g−1 for 100 µm and 200 µm nanoarrays are obtained at 1 C, which is in accordance with a high LTO utilization. The 100 µm-nanoarrays exhibit excellent discharge capacities of 143 mAh g−1, 103 mAh g−1, 72 mAh g−1, and 50 mAh g−1 at 50 C, 100 C, 150 C, and 200 C, respectively. This result clearly proves the high rate capability of VACNT-based nanoarrays, and points out the potential of the concept. However, the rate capability for 200 µm-nanoarrays is decreased as discharge capacities of 135 mAh g−1, 84 mAh g−1, 34 mAh g−1, and 3 mAh g−1 are obtained at 50 C, 100 C, 150 C, and 200 C, respectively. Especially at rates higher than 80 C, the discharge capacities show a much faster decline compared with the 100 µm nanoarrays. In Figure 7d, the results are plotted against the areal current density. For current densities up to 4 mA cm−2, both nanoarrays exhibit about the same discharge capacities. At higher current densities up to 40 mA cm−2, the 200 µm-nanoarrays show even higher discharge capacities. However, the increase in discharge capacity at a specific current density, as well as the capacity at rates above 80C, is not as high as it would be expected without the earlier shown Li+-ion diffusion limitations within the nanoarray. In Figure 7e, the resulting power densities of both nanoarray heights are shown in comparison. For 100 µm-nanoarrays, a broad peak power density of 2.48 kW kg−1, referring to the full electrode mass, is obtained between 120–170 C. Although the areal load of active material is doubled for 200 µm-nanoarrays, the lower capacities at rates above 80 C only lead to a slight increase in peak power density to 2.58 kW kg−1 at 80 C. With regard to the energy density shown in Figure 7f at the C-rate of the peak power density, the 100 µm-nanoarrays reach between 20.5 Wh kg−1 to 14.5 Wh kg−1, whereas the 200 µm-nanoarrays reach a much higher energy density of 32.5 Wh kg−1, again referring to the full electrode mass. Altogether, it can be stated that the nanoarray concept based on the highly versatile VACNT system is capable of achieving excellent C-rates corresponding to high power densities. However, increasing the height of the nanoarrays has proven to be not beneficial regarding power densities, but beneficial for increasing the energy density. For practical applications of the full cells, the long-term cycling stability is an important factor, which was investigated following the rate tests by galvanostatic cycling at 10 C (cf. Figure S4). Considering the high current densities during the rate tests, both full cells show high capacity retention, as the specific capacities achieved in the first cycles of the stability test are only 8% lower than in the rate test at 10 C. Over the course of the following 200 cycles, the capacities continuously drop to 132 mAh g−1/11% and 116 mAh g−1/24% for the 200 µm- and 100 µm-electrodes, respectively. Altogether, it can be stated that LTO–VACNT//LMO–VACNT full cells exhibit a solid long-term cycling stability.


Figure 7. Electrochemical characterization of LTO–VACNT//LMO–VACNT full cells. (a) Schematics of as-fabricated VACNT-based lithium ion batteries (LIB). (b) Voltage profiles of LMO and LTO half-cells and corresponding LTO/LMO full cell at 1C. (c) Galvanostatic rate test of 100 µm and 200 µm VACNT-based LTO/LMO full cells up to 250C. (d) Capacity of full cells plotted against the applied areal current density. (e) Power density of full cell nanoarrays at discharging. (f) Energy density of full cell nanoarrays at discharging.
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4. Conclusions


In this work, we were able to report the preparation of LMO–VACNT and LTO–VACNT nanoarrays as model examples for the high versatility of VACNT-based nanoarrays for high power LIB. Furthermore, we were able to apply the nanoarrays directly as electrodes in LIB without any additional conductive agent or binder. Due to their unique structure enabling short Li+-ion and electron pathways within the electrode, as well as a high conductivity, we obtained remarkably high rate capabilities both in half-cell setup and in LMO//LTO full cell setup. Moreover, the importance of LTO nanoparticle size was demonstrated, showing significantly improved rate capability for C-rates up to 100 C for 20–30-nm particles compared with 100-nm particles. However, at even higher C-rates, it was shown that the obtained specific capacities are not limited by the LTO particle size anymore. Instead, at such high C-rates, the rate capability, power, and energy density are heavily affected by the nanoarray height. Despite the open pore geometry of nanoarrays, it turned out that increasing the nanoarray height is not beneficial in order to further improve the power density of nanoarray-based LIBs. Nevertheless, the concept of VACNT-based nanoarrays proved to be a promising approach for future high power LIBs with a noteworthy peak power density of 2.58 kW kg−1, based on a total electrode mass at 80 C for LMO//LTO.
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