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Thick LiFePO4 (LFP) cathodes offer a promising solution to increasing the areal capacity and reducing the cost of Li-ion batteries while retaining the qualities intrinsic to LFP, including long cycle lifetimes and thermal stability required for electric vehicles and stationary energy storage applications. However, the primary challenges of thick LFP cathodes are poor rate capability and cycling stability due to LFP’s electronically insulating material property, poor electronic conductivity, and long diffusion length at high electrode thicknesses. Herein, we propose an electrode architecture composed of vertically aligned carbon fibers (CFs) attached to a plasticized current collector (PCC) to promote rate capability, cycle life, and further enhance the safety of thick LFP cathodes. The effectiveness of the CF-PCC architecture is demonstrated by electrochemical analysis with a good areal capacity of 3.5 mA cm-2, excellent cycling stability at C/3, and good rate capability up to 1C. These results are confirmed by investigating the architecture’s impact on ionic diffusivity via electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) compared to the conventional slurry cast LFP cathode.
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1 INTRODUCTION
The improvement of energy density of Li-ion cells is highly researched across the globe to meet increasing energy storage needs (Goodenough and Park, 2013). To achieve this, one could develop electrode materials that operate at higher voltages or have higher charge densities. However, this often requires discovering new battery chemistries which has proven to be extremely difficult. Another method is to optimize the manufacturing process of Li-ion cells to decrease the use of non-capacitive components such as the separator and current collector. Thick electrodes offer a promising solution to increase energy density as they minimize the ratio of non-capacitive components in each cell, as well as simplifying the manufacturing process by requiring fewer cutting and assembling steps (Singh et al., 2015). For reference, conventional Li-ion cells contain electrodes that are of 50–70 μm thickness (Singh et al., 2015; Arnot et al., 2022; Zheng et al., 2023).
However, rate-capability is a roadblock for thick electrodes. Thick electrodes have a longer diffusion pathway which inhibits Li-ion transport as well as higher internal resistance, thus causing severe capacity decay at higher C-rates (Zheng et al., 2012; Zhao et al., 2015). Furthermore, thicker electrodes have less robust mechanical integrity. Conventional electrodes are made by coating an aqueous slurry of active material onto a metallic current collector. Increasing the thickness using this manufacturing method would introduce large cracks in the electrode laminate during the drying process due to uneven evaporation (Evanoff et al., 2012). In addition, active materials are known to expand and contract upon lithiation and delithiation which accumulates stress. This stress is hard to release in thick electrodes inevitably leading to fracture in the electrode laminate. These fractures can cause particle isolation, therefore leading to capacity fade and increased impedance of the electrode (Park et al., 2010).
Other groups have investigated new fabrication methods and architectures to address these issues such as using conductive carbon frameworks from natural wood and 3D printing (Chen et al., 2017; Wei et al., 2018). Here, we report an electrode architecture that utilizes a 3D conductive carbon fiber (CF) framework attached to a plasticized current collector (PCC), as opposed to current state-of-the-art monolayer Al current collectors. The carbon fiber acts as an extension of the current collector; it has good electronic conductivity (Xi and Chung, 2019), providing a pathway for electrons throughout the entire thickness of the electrode. This connection would then mitigate the issue of high internal resistance in thick electrodes. The morphological and electrochemical properties of the CF-LFP cathodes are compared to a thick cathode manufactured using the conventional slurry cast method.
Tortuosity is also a critical factor in Li-ion electrode performance as it is inversely related to ionic diffusivity (Thorat et al., 2009). Since the carbon fibers are vertically aligned, this allows for a highly ordered, low tortuous electronic connection throughout the entire thickness of the electrode. Other carbon fiber frameworks enable thick electrode designs but are often randomly interwoven and thus introduce tortuosity which decreases Li-ion diffusivity (Chen et al., 2017; Li et al., 2021). In this study, the 3D architecture is utilized to improve an LFP cathode. Furthermore, porosity is a critical factor in the performance of Li-ion electrodes. A highly porous electrode promotes ionic diffusion with greater open access to the liquid electrolyte, however this is at the cost of poorer electronic connection between particles (Singh et al., 2016; Heubner et al., 2019; Elango et al., 2021). We demonstrate that the 3D conductive architecture is successful in improving the rate capability of LFP, which has intrinsically low-rate performance due to its unique two-phase insertion reaction (Yuan et al., 2011). This new architecture enhances ion diffusion with the framework’s unique verticality and promotes electronic conductivity by extending electronic pathways throughout the bulk of the electrode.
State-of-the-art current collectors simply use Al foil due to its good electronic conductivity, cost, and passivation layer when coupled with LiPF6 electrolyte, which makes the electrolyte/current collector interface stable at higher voltages (Braithwaite et al., 1999; Whitehead and Schreiber, 2005). However, Al current collectors are susceptible to short circuits caused by mechanical damage. The inclusion of a PCC introduces a new mechanism to increase safety. In short, the polymer core shrinks away from a mechanical defect and thus breaks the short circuit to prevent thermal runaway (Pham et al., 2021). The PCC is comprised of a ∼8 μm polymer core with a ∼0.5 μm Al coating. The polymer core is lighter than Al, and the Al coating allows the PCC to retain the passivation layer typical of Al current collectors. Thus, the inclusion of PCC enables the novel design to not only possess high energy density and rate capability, but also increased safety compared to conventional cathodes.
2 EXPERIMENTAL SECTION
2.1 Materials and electrode preparation
The vertically-aligned carbon fiber substrate was created by carbonizing pitch fibers. During carbonization, the temperature was carefully controlled to form amorphous carbon between the carbon fibers, which helped to hold them vertically. The carbon fibers were manufactured at our collaborator’s facility (KULR Technology Group). Then, the 3D carbon fiber substrate was secured to the current collector with a carboxyl-methyl cellulose (CMC) to enhance the vertically aligned architecture. The pitch-based CF was provided by the KULR Technology Group and the PCC by the Soteria Battery Innovation Group. The resulting CF-PCC substrate is then cut into 12 mm diameter discs to be loaded with the cathode material.
The materials to produce the cathode included carbon coated micro LFP particles (MTI Corp., 10 μm diameter) as active material without any further treatment, TIMCAL SUPER C45 carbon black (CB, 100–200 nm diameter) (MSE Supplies) as the conductive additive, and polyvinylidene fluoride (PVDF) (Sigma Aldrich) as the binder. The cathode material is first prepared by mixing the CB and LFP using a FlackTek DAC 330–100 Pro SpeedMixer at 500 RPM for 5 min. The PVDF binder is dissolved in n-methyl-2-pyrrolidone (NMP) (Sigma Aldrich) with a concentration of 5 wt% and is subsequently mixed at 2000 RPM for 10 min with the LFP-CB mixture to obtain a viscous slurry. The composition of the slurry by weight is 70:20:10 of LFP:CB:PVDF. The slurry is loaded into the CF-PCC discs via centrifuge to form complete LFP cathodes using the FlackTek SpeedMixer. This was achieved by placing the CF-PCC disc in a mixing bottle which is held at an angle in the SpeedMixer, pouring the slurry on top of the disc, and subsequently loaded via centrifuge at 2000 RPM for 5 min. The cathodes were first dried at 60°C for 4 h under ambient pressure and then dried in a vacuum oven at 90°C overnight to ensure slow solvent evaporation followed by complete removal of water. The conventional slurry cast LFP cathodes used as comparison were purchased from MTI Corp as is, meaning no additional synthesis steps aside from cutting and drying under vacuum at 90°C overnight were used to obtain the slurry cast cathodes. These conventional cathodes contain 93% wt. LFP with the remaining weight as PVDF and carbon.
The mass of LFP in the CF-LFP electrodes were weighed using a mass balance and the %wt of LFP in the slurry. The areal loading of all conventional slurry cast cathodes was approximately 10.6 mg cm-2 or 12.0 mg per cell, while the areal loading for the CF-LFP cathodes evaluated with galvanostatic cycling were approximately 22.2 mg cm-2, or 25.1 mg per cell. The areal capacity was calculated by dividing the measured capacity by the area of the cathode. The CF-LFP cathodes tested with electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were fabricated with areal loadings of approximately 11.0 mg cm-2 to ensure fair comparison with the conventional slurry cast cathodes.
2.2 Morphological and structural characterization
Scanning electron microscopy (SEM) images were taken using a Hitcahi SU3500 microscope with a 10 kV electron beam. Micro X-ray computed tomography (XRCT) scans were performed using a Zeiss Xradia 520 Versa Microscope. Scans included 1601 projections with a ×20 objective, at 50 kV for the bare CF substrate and 80 kV for the loaded CF-LFP cathode. Image analysis and visualization was performed using Dragonfly (Object Research Systems). Image noise was reduced using a Gaussian filter. X-ray diffraction (XRD) was performed using a Rigaku SmartLab 9 kW X-ray Diffractometer using Cu K-α radiation (1.54 Å). XRD data was analyzed and refined using Rigaku SmartLab II software. Energy dispersive x-ray spectroscopy (EDS) was performed on a JEOL JSM-701F Field Emission Scanning Electron Microscope.
2.3 Electrochemical characterization
Coin cells were assembled within an argon glove box. EIS and CV experiments were performed on a BioLogic VMP-3e Potentiostat and galvanostatic cycling on a Neware Battery Testing System. Li-metal foil (Sigma Aldrich) of 150 μm thickness was used as the anode and reference electrode for EIS and galvanostatic cycling experiments. For post-cycling EIS analysis, the cells were disassembled, anode and cathode cut in half, and reassembled into a symmetric cell configuration. Glass microfiber filters (Whatman, Millipore Sigma) were used as the separator for all measurements of the CF-LFP cathode and conventional slurry cast cathodes. Glass fiber separators were used due to their ability to intake the appropriate amount of liquid electrolyte suitable for the CF-LFP cathode. The glass fiber separator was used for the conventional slurry cast cells for fair comparison. The electrolyte used was 1.2 M LiPF6 in EC:EMC (3:7 wt. ratio) (Tomiyama Pure Chemical Industries), with around 80 μL of electrolyte in each cell which was calculated using the volumetric pore size of the cathode and glass fiber membrane. Charge and discharge cycles were performed on a Neware CT-4008T Battery Testing System. The C-rates for each cell were calculated using the theoretical capacity of LFP (170 mAh g-1). EIS measurements and CV measurements were carried out using a BioLogic VMP-3e Potentiostat.
3 RESULTS AND DISCUSSION
3.1 Electronically conductive architecture with controlled porosity
The conductive framework used as the current collector and scaffold for the thick LFP cathode is made of pitch-based carbon fibers of 450 μm length glued onto the 10 μm thick PCC with a CMC resin. Information about the synthesis of the carbon fiber composite substrate is detailed in the Methods section. The carbon fibers have an average diameter of 9 μm with a desired spacing of 30 μm. SEM and XRCT were used to characterize the morphology and 3-dimensional structure of the composite substrate as shown in Figure 1. Figures 1A, B are top and cross-sectional SEM images respectively, showing that the CFs are vertically aligned and homogenous in both diameter and height. Figures 1C, D are three dimensional orthographic projections of the conductive framework obtained using XRCT. The PCC substrate, which the CFs are anchored to, can be seen in the bottom of the XRCT images from Figures 1C, D. The volume fraction of the CFs calculated from the XRCT image shown in Figures 1C, D is 9.1%, which agrees with the volume fraction of 9.6% calculated by using mass and density of pitch CFs. Perfect alignment of the CFs is practically difficult due to the low volume fraction of CFs.
[image: Figure 1]FIGURE 1 | Morphology of CF substrate. (A,B) SEM cross-sectional image of the carbon fiber substrate to visualize the verticality and ordered structure, (C,D) XRCT images to visualize the framework within the bulk of the substrate.
CFs were fabricated using a carbonization process of pitch polymer. The crystalline structure was confirmed by using X-ray diffraction (XRD). The XRD pattern of the CFs is plotted in red in Figure 2. The peaks are indexed to graphitic structure (NIST ICSD #260570). The composition and structure of the PCC are also characterized via XRD, which is plotted in black in Figure 2. The peaks are indexed to both Al (NIST ICSD #4313217) and graphite as shown in the inset of Figure 2. Furthermore, the CF substrates, made of CFs and the PCC, are characterized and plotted in blue in Figure 2. As expected, the complete substrate’s plot is a superposition of its components’ XRD patterns. XRD scans of the complete substrate and its decoupled components contain expected characteristic peaks of aluminum (2θ = 25°, 38°, 65°, and 78°) and graphite (2θ = 26°, 42°, 53° and 77°). The presence of the graphitic peaks in the inset XRD plot of the PCC indicates a graphitic structure which contributes to its ability to conduct electrons between the aluminum coating of the plasticized current collector. Other graphitic peaks may be overshadowed by the other components of the PCC such as the polymer and aluminum. For the application of thick LFP cathodes, the verticality, ordered arrangement, and intrinsic electronic conductivity of the resulting CF substrate can largely improve the electronic conductivity, structural stability, and ionic diffusivity.
[image: Figure 2]FIGURE 2 | XRD pattern of the carbon fiber substrate (blue), along with its components of carbon fiber (red) and the Soteria PCC (black). The inset reveals the presence of graphitic and aluminum peaks in the PCC, zoomed in between 2θ = 40° and 80°.
3.2 Ultrathick LFP cathodes
The CF-LFP cathode is fabricated by loading an LFP slurry comprised of LFP, carbon black (CB), and polyvinylidene fluoride (PVDF) by 70:20:10 wt% via centrifugal force into the carbon fiber substrate. The CF-PCC XRD patterns of the loaded CF-LFP cathode indicate that no side reactions occur upon fabrication (Supplementary Figure S1). The resulting CF-LFP cathode was measured to be approximately 500 [image: image] thick, compared to the conventional slurry cast cathode thickness of around 83 [image: image].
After loading the composite substrate with LFP, SEM reveals that the vertically aligned orientation of the CFs is retained as shown in Figures 3A, B. Top-view morphology analysis reveals the presence of primary and secondary pores on the surface, including macro gaps between carbon fibers and micro gaps between particles as seen in Figures 3D, E. While 5–10 μm cracks are observed, these are not as large as the mm-scale cracks observed on conventional slurry cast cathodes of comparable thicknesses (Lee et al., 2018; Sahore et al., 2020). The thickness of the CF-LFP cathode was measured to be around 500 μm. SEM confirms that most of the active material is hosted within the CF forest rather than being superficially loaded. Furthermore, the presence of CFs on the surface confirms electronic connection throughout the entire thickness of the cathode as shown in Figure 3D. For comparison, SEM top and cross-sectional images of the conventional slurry cast cathode are included in Figures 3C, F.
[image: Figure 3]FIGURE 3 | SEM Morphology of the CF-LFP cathode. (A,B) Cross-sectional images of the loaded carbon fiber cathodes revealing uniform particle distribution across the entire thickness of the electrode. (C) Cross-sectional SEM image of the conventional slurry cast LiFePO4 cathode. (D,E) Top view SEM images showing no superficial loading of active material LiFePO4. (F) Top view SEM image of the conventional slurry cast cathode.
XRCT was used to quantify the porosity of the loaded CF-LFP cathode as well as to qualitatively evaluate how well the active material was loaded into the 3D architecture without damaging the sample to obtain a cross sectional view. Due to the large difference in atomic number Z between the relatively high Z LFP microparticles and lower Z graphitic carbon fiber, carbon black and PVDF, the heavy and light materials can be resolved in XRCT as shown in Figure 4A. The LFP material is shown as bright white with the carbon materials as black and gray (Figure 4A). Figure 4B shows a segmented image with only the LFP represented, which is used to measure the volumetric fraction of LFP active materials (38.7%). Thus, the use of XRCT allows us to segment the LFP active material from the CB, CF, and PVDF; this allows us to report the volume fraction of LFP in addition to the electrode porosity. The electrode porosity can be directly obtained by measuring the occupied volumetric space from Figure 4A and subtracting from 100% and was measured to be 32.6%, which agrees with reported porosity values of 35%–55% from the literature (Thorat et al., 2006; Fongy et al., 2010; Mastali Majdabadi et al., 2015; Bao et al., 2017; Liu et al., 2019; Zhu et al., 2020; Elango et al., 2021; Guo et al., 2021; Wu et al., 2021). To confirm CF verticality within the bulk electrode, we can assign bright white to carbon and black to LFP as shown in Figure 4C. Furthermore, the conductive carbon black additive can be seen using this characterization technique as a darker powder in Figure 4A or as a lighter powder in Figure 4C. An exact segmentation and quantification of the carbon-based materials from XRCT image was not possible due to their similarity in grayscale.
[image: Figure 4]FIGURE 4 | 3D Bulk Morphology of CF-LFP cathode. (A) 3D XRCT illustration of the CF-LFP cathode to study electrode porosity and loading distribution of the active material. Here, the heavier LFP particles are a bright white compared to the darker CFs and CB particles. (B) 3D XRCT illustration, derived from (A), showing only the active material LFP. (C) 3D XRCT illustration of the CF-LFP cathode where the colors are inverted from (A) to better show the CF verticality.
3.3 Enhanced Li-ion diffusion across the thick electrode
The CF-LFP cathode not only provides a robust electronic connection but also facilitates enhanced Li-ion diffusion throughout the thickness of the electrode. A conventional slurry cast cathode of comparable thickness can achieve a higher theoretical capacity due to the absence of CF but suffers from extreme cracking and delamination as described in the introduction. The conductive CF architecture is introduced to compensate for the poorer electronic connectivity between active material particles and explains the enhanced performance of the cathode. To investigate the electrochemical performance of the CF-LFP cathode, 2032-coin cells were fabricated with a glass fiber separator, Li-metal anode, and 1.2 M LiPF6 liquid electrolyte. Coin cells using the conventional slurry cast LFP cathode were also fabricated using the same glass fiber separator and liquid electrolyte that were used as a baseline comparison for the CF-LFP cathode.
The improvement in charge transfer resistance and ionic diffusion of the CF-LFP cathodes was assessed using electrochemical impedance spectroscopy (EIS) in a half cell configuration. First, all cells were cycled at C/10 for 3 cycles and then cycled at C/3 for 50 cycles. EIS measurements were taken every 10 cycles at C/3, and held at 50% state of charge for the CF-LFP and conventional slurry cast cathodes, as shown in Figures 5A, B respectively. The semi-circle in the resulting Nyquist plots contain information regarding the cell’s ohmic resistance ([image: image]), charge-transfer resistance ([image: image]), and resistance from the cathode electrolyte interface layer ([image: image]) when fit to a simple Randles circuit (Westerhoff et al., 2016; Bard et al., 2022). The Nyquist plots show one semi-circle; however, it is believed that two semi-circles (one to account for the capacitive behavior of the bulk electrode and one for the interface layer) are overlapped, where the semicircle from the CEI is insignificant (Jow et al., 2018). Both electrodes show similar Warburg impedance behavior at low frequencies. Nyquist plots show that although both cells have similar ohmic resistance (due to the use of the same electrolyte for both cells), the charge transfer resistance of the CF-LFP cathode is significantly lower. The charge transfer process is the process of deintercalating Li+ from the cathode into solvated Li+ in the electrolyte by releasing electrons from LFP. As such, the charge transfer resistance is heavily affected by the ion transport process and electron conduction. Here, after 10 cycles at C/3, the charge transfer resistance of the CF-LFP cathode is approximately 110 Ω while the conventional slurry cast cathode is approximately 480 Ω. This is expected as the CF framework provides a robust electronic connection throughout the thickness of the cathode and the designed uniformity of the CF spacings facilitates ionic diffusion by controlling porosity. In comparison, despite the conventional slurry cast cathode being around 4 times thinner than the CF-LFP cathode, electrons should encounter more resistance in the conventional slurry cast bulk as there is no supporting electronic framework as shown in Figure 3C. Secondly, [image: image] is shown to increase dramatically upon continued cycling in the conventional slurry cast cathode’s case, as evidenced by the semi-circle size increasing with cycle number. In comparison, the CF-LFP cathode shows negligible evolution in its Nyquist plots. The increase in impedance upon the 20th cycle measurement is believed to be caused by incomplete wetting of the entirety of the electrode due to large thickness. After the 20th cycle, the CF-LFP cathode impedance lowers and remains consistent after the 50th cycle, indicating the charge transfer process stabilizes and improves after 50 cycles.
[image: Figure 5]FIGURE 5 | EIS study of the CF-LFP and conventional slurry cast cathodes. Nyquist profiles showing impedance evolution with increasing cycle number at a current density of C/3 in a half-cell configuration with a Li-metal anode for (A) the CF-LFP cathode and (B) the conventional slurry cast cathode. Nyquist plots of the harvested (C,D) Li-metal, and (E,F) CF-LFP and conventional slurry cast cathodes respectively from the aged half-cells (A,B) in a symmetric cell configuration to decouple cathode impedance contributions from the Li-metal anode.
To study the impact of the Li-metal on the impedance evolution, these cells were disassembled, and the cathode and Li-metal anodes were collected. The Li-metal and cathodes were then used to assemble symmetric cells for EIS measurements to examine individual cathode contributions to the results from Figures 5A, B. Nyquist plots are shown in Figures 5C, D for the Li-metal symmetric cells harvested from the conventional slurry cast cathode and CF-LFP cathode, respectively. Li-metal from the conventional slurry cast cathode has higher impedance compared to the CF-LFP counterpart. EDS mapping was also conducted to confirm that there was no iron deposition on the Li-metal from the cathodes as shown in Supplementary Figure S2. The symmetric cells of cathodes were used in EIS to confirm the charge transfer behavior for the cathodes. A large impedance was observed for the conventional slurry cast cathode (Figure 5F), in sharp contrast to the CF-LFP cathode (Figure 5E). Moreover, the Nyquist plots of the symmetric cathode cells show a stark contrast in Warburg impedance behavior. While the Warburg element of the conventional slurry cathode exhibits semi-infinite linear diffusion, the carbon fiber cathode exhibits finite length diffusion. This is most likely due to the CF framework’s ability to promote ionic diffusion along the thickness of the electrode (inset of Figure 5E) and allow facile electron transport throughout the bulk of the electrode, as ionic and electronic pore movement are coupled. These factors result in a lower ionic diffusion distance; an effect like that of a rotating disk electrode.
The transmission line model is a useful extension of the Randles model specifically for thick electrodes that includes ionic resistance in pores ([image: image] in addition to [image: image]. Under this model, battery power performance is strongly influenced by these two parameters (Ogihara et al., 2015; Zhang et al., 2019). The transmission line model’s application to the CF-LFP cathode is visually illustrated in Supplementary Figure S5. Electrodes of thicknesses greater than 40 μm are believed to be limited by [image: image] rather than [image: image], and so electrode structure, such as the CF framework presented in this work, strongly affects power performance. The CF framework’s contribution to power performance is evidenced by the lower impedance evolution as discussed earlier. Furthermore, XRCT analysis of the cycled conventional slurry cast cathode reveals major cracks in the electrode bulk from Supplementary Figure S3. This is most likely evidence of extreme morphological changes due to electrochemical cycling, which can explain the large impedance evolutions shown during EIS analysis. XRCT analysis of the CF-LFP cathode shows no major morphological changes upon cycling as shown in Supplementary Figure S4 when compared to Figure 4A. The EIS and XRCT evidence support that, in comparison to the conventional slurry cast cathode, the unique architecture provided by the CF framework promotes porosity for enhanced ionic diffusion and electronic conductivity, lower charge transfer resistance, and higher mechanical stability.
CV was performed on the coin cells to investigate Li+ diffusivity of the CF-LFP cathode, where the counter electrode is Li-metal as shown in Figures 6A, B. Both cells are of similar mass loading (11.0 and 10.6 mg cm-2 for the CF-LFP and conventional slurry cast cathode respectively), to compare Li+ diffusion per active material. In this measurement, voltage limits were set between 2–4 V with increasing scan rates from 0.07 mV s-1 up to 0.2 mV s-1. LFP CV profiles show one anodic peak (charge) and one cathodic peak (discharge) whereby in perfect conditions both peaks are closest to the open circuit voltage of 3.43 V (Yu et al., 2007). The oxidation and reduction peaks of the Fe2+/Fe3+ redox couple occur around 3.7 V and 3 V vs. Li/Li+ respectively, indicating Li+ transport is limited, and the redox reaction occurs under non-equilibrium conditions. It can be seen for both conventional slurry cast and CF-LFP cathodes that there is one oxidation and one reduction peak, however the voltage shifts are much more severe in the conventional slurry cast cathode compared to the CF-LFP cathode. Furthermore, the conventional slurry cast cathode’s cathodic peak cannot be resolved, most likely due to insulation issues regarding thick electrodes as discussed in the introduction. When increasing the scan rate, both cathodes’ redox peak disparities increase, however the peak disparity for the conventional slurry cast cathode becomes so severe that the peak current density cannot be resolved (Figure 6A). This indicates the Li+ diffusion capability is much more limited in the conventional slurry cast cathode compared to the CF-LFP cathode, which is supported by the CF architecture’s ability to promote a continuous electronic connection throughout the entire thickness of the electrode and the CF architecture’s intrinsic verticality to promote low tortuosity from Figures 3, 4 (Yu et al., 2007; Park et al., 2011; Zhang et al., 2013). Furthermore, the conventional slurry cast cathode’s peak current is an order of magnitude lower than the CF-LFP cathode’s at all scan rates. This suggests that the CF architecture enhances reaction kinetics which may lead to highly reversible cycling performance at elevated current densities.
[image: Figure 6]FIGURE 6 | Electrochemical data of the conventional slurry-casted cathodes’ and the CF-LFP (A,B) cyclic voltammogram at increasing voltage sweeps respectively, (C) voltage profile as a function of areal capacity, (D) rate capability performance at current densities of C/10, C/5, C/3 and 1C.
Finally, galvanostatic cycling was performed to measure the life cycle performance and rate capability of the CF-LFP cathode. The discharge performance of the CF-LFP and conventional cathode was evaluated using loading parameters and cell configuration detailed in the experimental section (Figure 6C). The specific capacity at C/3 was measured to be 146 mAh g-1 for the CF-LFP cathode, which is in agreement with the theoretical capacity of LFP (170 mAh g-1) (Lung-Hao Hu et al., 2013; Zhao et al., 2017). The fully loaded CF-LFP possesses a high areal capacity of 3.2 mAh cm-2. In comparison to the conventional slurry cast cathode, the CF-LFP cathode possesses better capacity retention at higher currents despite being 4.5x thicker. Performance is similar at lower current densities with a 2.6% capacity drop for the CF-LFP cathode and a 2.8% capacity drop for the conventional slurry cast cathode at C/10. However, the discrepancy in performance becomes more apparent at C/3 and 1 C, with a capacity drop of 3.2% and 16.9% respectively for the CF-LFP cathode, and a capacity drop of 15.1% and 52.4% respectively for the conventional slurry-casted cathode. Furthermore, ohmic polarization increases at a higher rate for the conventional slurry cast cathode than the CF-LFP cathode at higher current densities. At lower current densities, both cathodes maintain a discharge voltage plateau close to the operating 3.4 V intrinsic to LFP. However, at 1 C the conventional slurry cast cathode experiences a 0.6 V drop while the CF-LFP cathode only drops 0.3 V. These results agree with the EIS measurements as impedance has been shown to increase substantially over continued cycling.
Capacity retention at elevated current densities was evaluated by cycling at C/10, C/5, C/3, and 1 C for 5 cycles each and recording the discharge capacities (Figure 6D). The error bars include the standard deviation of discharge capacities from 3 separate cells. A rate capability plot with the corresponding gravimetric capacities of the CF-LFP and the conventional slurry-casted cathodes are reported in the Supplementary Material (Supplementary Figure S6). It can be clearly seen that the CF framework greatly improves the rate capability despite the large difference in thickness between the cathodes. The CF-LFP cathode is also shown to possess superior life cycle performance C/3 with an 88.7% capacity retention compared to the conventional slurry cast cathode capacity retention of 12.1% at the end of 100 cycles (Supplementary Figure S7 and Supplementary Figure S8). These results are supported by the increasing peak disparity as discussed with CV. The polymer core of the PCC seems to have no detrimental effect on the performance of the electrode during cycling. Recent progress of thick electrodes, with C-rate and corresponding areal capacity, is included for comparison with this work in Supplementary Table S1.
4 CONCLUSION
In summary, we report a novel electrode architecture featuring a 3D conductive framework of vertically aligned carbon fibers to host the LFP active material. The ordered morphology of the CF-LFP cathode enabled by the CF architecture was analyzed and confirmed using XRCT. The architecture enables a high areal capacity of 3.2 mAh cm-2 with good rate performance, low ohmic polarization, and good life cycle performance at moderate current densities in comparison to the conventional slurry cast cathode. The improved performance is attributed to the CF framework’s ability to facilitate the electronic conductivity across the electrode’s thickness and enhance Li-ion diffusion through its vertical consistency. EIS measurements reveal unique characteristics such as much lower charge transfer resistance and drastically different Warburg impedance when comparing the CF-LFP cathode and the conventional slurry cast cathode, which are evidence of improved ion kinetics enabled by the CF framework. CV measurements further confirm the improvement of the CF-LFP’s cathode rate capability in comparison to the conventional slurry-casted cathodes, as performance is superior at all scan rates. To gain a comprehensive understanding of the CF framework’s impact on ion transport, further investigations into the electrode-electrolyte wetting behavior are crucial. This research should encompass the study of contact angles, surface tension, and the influence of various electrode materials and coatings. These insights hold the potential to optimize the performance of the CF framework in ion transport applications, fostering advancements in this field.
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