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Highlights  

o The study examines the combined effects of SWCNT in cathode and LA in anode. 
o SWCNTs and LA improve 10–15 min fast charging performance in LiBs. 
o SWCNTs raise 5C charge acceptance by 13.1 %, lowering polarization. 
o SWCNT + 12% LA reduce Li plating, maintaining ∼85 % capacity at 5C after 800 cycles. 
o 15 % LA cells fade >30 % due to LLI and LAM in NE and PE, respectively. 

 

Abstract 
Advancing lithium-ion battery (LiB) technology to achieve 10–15-minute extreme fast charging 
(XFC) while maintaining high energy density and longevity poses a significant challenge. 
Addressing Li-plating is crucial, as it depletes usable Li, causing deterioration and safety issues. 
This study explores a holistic approach incorporating Single-Wall Carbon Nanotubes (SWCNTs) 
and Laser Ablation (LA) to mitigate Li-plating while maintaining high charge acceptance under 
10–15-minute XFC. SWCNTs enhance the electrical conductivity and mechanical integrity of the 
positive electrode (PE), reducing overall cell overpotential at high charging rates. Concurrently, 
LA is applied to negative electrodes (NE) to reduce tortuosity of ion-diffusion pathways and 
increase surface wettability, improving Li-ion transport. Combining SWCNTs in the PE and LA 
on the NE, our experimental findings demonstrate a significant reduction in Li-plating and 
maintained high charge acceptance of ~84.33% after 800 5C (12 min) charge cycles for cells 
having PE with ~3.3 mAh cm-2  and NE with 3.9 mAh cm-2  loadings. This study highlights the 
potential of combining SWCNTs and LA to address Li-plating in LiBs and opens new avenues for 
designing battery systems capable of achieving 10–15-minute XFC. 

Keywords: Lithium plating, Fast-charging, Lithium-ion batteries, Laser ablation, Single-wall 
carbon nano tubes. 
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1 Introduction 
Enabling extreme fast charging (XFC) technology in energy-optimized LiBs—i.e., recharging 
within 10 to 15 minutes—represents a substantial advancement in the field of battery technology. 
This feature is widely sought after by different LiB applications driven by end user sentiment [1–
3]. Achieving a 10- to 15-minute XFC requires a charging rate ranging from 4C to 6C, which has 
been demonstrated in research and development (R&D) cells. These cells typically use low to 
moderately loaded electrode designs (≤3 mAh cm-2), achieved through integrating diverse 
solution strategies [4]. However, the aspiration to enable XFC in cells with higher energy densities 
(≥4 mAh cm-2), with the aim to develop cells that can maintain desired driving ranges at lower 
costs, necessitates further advancements. 

In recent years, there has been extensive characterization and documentation of performance 
bottlenecks and degradation mechanisms linked to XFC [3,5–13]. Polarization losses originating 
within electrodes and sluggish Li+ transport in the electrolyte have been identified as a key 
hindrance to fast charging. These factors lead to voltage losses, driving the negative electrode (NE) 
potential towards the Li-plating regime, and adversely affecting charge acceptance [8,14]. 
Furthermore, these polarization issues are exacerbated when increasing electrode loading [10]. 

Recent studies have introduced new approaches to mitigate fast-charge challenges, encompassing 
advancements from materials-to-electrode design and introducing novel charging protocols [4,15–
24]. For example, Tanim et al. highlighted that lithium nickel manganese cobalt oxide (NMC) with 
a higher nickel content (NMC811) outperforms its lower nickel counterpart (NMC532) under XFC 
scenarios due to NMC811's increased electronic conductivity [15,16]. These features notably 
decrease the overall overpotential at elevated charging rates. Usseglio-Viretta et al. optimized 
electrode compositions to enhance Li+ transport behavior and minimize overpotential by reducing 
positive electrode (PE) impedance, electrode tortuosity, and PE thickness through optimized 
carbon-binder domain [17]. Introducing dual-layer NEs, with smaller particles close to the 
separator and larger particles near the current collector, has been shown to reduce transport-related 
polarization losses, thereby enhancing XFC capabilities [4]. Employing a more porous separator 
has also been effective in reducing polarization losses [4]. Furthermore, innovative electrolytes are 
being actively investigated to enhance Li+ transport for XFC [14,23]. These formulations include 
replacing carbonate-based solvents with alternative solvents such as ethers or nitriles [18–23], with 
some studies arguing for multi-solvent and mixed salt systems that offer a balanced set of 
properties conducive to XFC [23]. Additionally, replacing the LiPF6 salt with alternatives like 
LiFSI has been found to enhance Li+ transport, showing promise for future advancements in fast-
charge technology [24].  

Previous research has indicated that at higher rates, the PE predominantly contributes to cell 
polarization, highlighting the importance of minimizing impedance and transport-related losses 
specifically at the PE [8,25]. To address this, various strategies have been proposed, including 
material selection such as enhancing nickel content in the NMC PE, utilizing radially or oriented 
single crystal primary particles, and employing dual-layer electrode designs [4,8,15]. Additionally, 
electrodes with carbon nanotubes (CNTs) have been used to enhance conductivity at the electrode-
level and has been a viable approach in mitigating impedance polarization. The reduced electrode-



3 
 

level resistance is due to the exceptional electron transport properties of CNTs, which facilitate 
faster electron movement and subsequently reduces the necessary carbon-binder phase volume 
fraction of which can increase the electrolyte tortuosity [26]. Incorporating CNTs into electrodes 
was shown to significantly enhance the cycle life and rate capability of LiBs [27–29]. However, 
achieving a uniform and stable distribution of CNTs within the electrode matrix remains 
challenging [30,31]. 

 

Laser ablation (LA) is another way to reduce cell polarization at higher rates and improve the fast-
charge cycling performance. Recently, research has shown that laser patterning the NE or both the 
electrodes improves the rate capability, improves electrode wetting and reduces the risk of Li-
plating during fast charging [32–37].  

Incorporating multiple solution strategies is important to facilitate XFC in LiBs [4,14,38]. Tanim 
et al. investigated integrating six XFC strategies (high-Ni PE chemistry, reduced carbon binder 
domain in the PE, a dual-layer NE design, a higher porosity separator, using advanced electrolytes 
and innovative charging protocols) in a moderate-loading cell design with an ~3 mAh cm-2 NE, 
showcased successful 6C (10 min) XFC without plating for up to 600 cycles [4].  Wang et al. 
investigated 15 min fast charging of energy-dense batteries (3.4 mAh cm-2 ) by combining 
material-agnostic approach based on asymmetric temperature modulation with a thermally stable 
dual-salt electrolyte and larger porosity NE for improved ion transport to achieve charging of a 
265 Wh kg−1 battery to 75% (or 70%) state of charge for more than 900 (or 2,000) cycles [38]. 
Dasgupta et al. showed notable enhancements in the cycle life of moderate loading multilayer 
pouch cells (>2 mAh cm-2) by using laser-patterned graphite NE with a loading of 3 mAh cm-2. 
These cells retained 91% and 86% of their capacity after 600 fast charge cycles at rates of 4C and 
6C, respectively [35]. Babkin et al. investigated the impact of different carbon additives on the rate 
capability of LFP PEs [39]. The LFP PE incorporating SWCNTs exhibited significantly superior 
high-rate capability (>3C) as compared to electrodes with double-wall or multi-wall carbon 
nanotubes. However, it is imperative to extend XFC performance to higher-loading cells (i.e., ≥ 4 
mAh cm-2), which have greater industrial and commercial relevance. Therefore, existing solution 
strategies must be improved or new strategies implemented to reduce polarization losses during 
fast charging of higher-loading electrodes.  

This article demonstrates the ability of SWCNTs in PEs and LA of NEs to mitigate cell polarization 
losses to facilitate Li-plating-free XFC in high-loading cells.  Additionally, we explore the effect 
of LA on high-loading NEs and the effects of  LA material removal. An advanced electrolyte and 
a high-porosity separator are used in single-layer pouch cells (SLPCs) to demonstrate the 
feasibility of achieving XFC at up to 5C rates (12 min) for hundreds of cycles. Combined, these 
approaches not only support XFC but mitigate critical degradation pathways such as Li-plating, 
enhancing overall performance and longevity 
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2 Methodology 

2.1 SWCNTs in PEs  
Electrodes with CNTs have exhibited superior cycle performance as compared to electrodes using 
traditional conductive additives like Super-P conductive carbon [26–28,40]. These performance 
improvements are largely attributed to a more uniform electronic conductivity provided by the 
CNTs, which effectively reduces internal resistance and suppresses polarization during high-rate 
charging and discharging, as evidenced by evaluations conducted at 5C [26,27]. For instance, 
electrochemical tests performed on half-cell coin cells comprising of NCM811 PE active material, 
poly (vinylidene fluoride) (PVDF) binder, and CNTs in a 97:2:1 wt. ratio revealed significantly 
enhanced electrochemical properties [27]. 

Further emphasizing the benefits of SWCNTs, Choi et al. [27] reported that NMC PEs containing 
SWCNTs   achieved 92.8% capacity retention after 100 cycles at a 5C rate in coin cells, showcasing 
considerable improvement in cycling performance under fast-charge conditions. Another study 
[28] investigated the effects of ozonated SWCNTs on high-loading (30 mg cm-2 or higher) dry-
processed NCM811 coin cells. The results showed that the enhanced affinity of NCM811 particles 
to form denser microstructures within the PE composite, coupled with protection against unwanted 
side reactions at the cathode-electrolyte interface (CEI), ultimately resulted in reduced 
microcracking in NCM811 particles during cycling. 

While the SWCNT one-dimensional structure and superior electrical conductivity enhances 
electron transport and mechanical resilience within the PE, facilitating better integrity throughout 
frequent expansion and contraction cycles [40], existing research predominantly focuses on coin-
cell discharge performance with relatively short cycle-life evaluations. There remains a significant 
gap in the literature concerning the use of SWCNTs under XFC conditions (4C-6C) and their long-
term performance in larger scale SLPCs. These gaps highlight the need for more comprehensive 
studies that examine the effects of SWCNTs under varied operational conditions, particularly those 
that simulate real-world applications where fast charging and high durability are critical 

2.2  Laser Ablation  
Introducing strategic microstructural features into battery electrodes, such as those achieved using 
femtosecond LA, have been shown to improve both electrolyte wetting and cell fast-charge 
performance [32,35,37]. LA has been reported to reduce electrode Li+-transport tortuosity through 
the electrode’s thickness, allowing for higher C-rates before the onset of Li-plating. 

Figure 1 shows the predicted cell performance improvements expected in LA cells as compared to 
non-ablated cells. For the cell with a non-ablated NE, a previously developed and calibrated 
pseudo-2D (P2D), macro-homogeneous, Newman-type, electrochemical model is employed [41]. 
To simulate the effects of LA, a pseudo-4D (P4D) model is developed and calibrated in COMSOL 
Multiphysics. The P4D model's increased dimensionality captures the effects of the 3D laser-
pattern geometry [42].  Schematic illustrations and calibration plots for both the P2D (non-ablated) 
and P4D (laser-ablated) models are provided in Supplemental Sections S 1, and S 2, while details 
of the LA process, parameters and LA geometry are available in Supplemental Section S 3 and 
Table T 1. 
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Both the P2D and P4D models capture the full-cell performance response of graphite without 
SWCNT vs NMC811 with SWCNT using Gen2 + 2 wt.% FEC electrolyte, later used for 
experimental validation. Supplemental Table T 2 lists the model parameters for all cell builds. The 
microstructure properties were determined using National Renewable Energy Laboratory’s 
(NREL's) MATBOX tool [43], while the electrolyte properties are obtained from the Idaho 
National Laboratory’s (INL's) Advanced Electrolyte Model (AEM) [44]. Using the data obtained 
from the AEM, the electrolyte properties are fit with polynomials (see Supplemental Table T 3). A 
constant-current—constant-voltage (CC-CV) charging protocol is considered at 5C C-rate that 
achieved 80% capacity in 10 min 

                       

 

Figure 1. (a) Schematic illustration of negative electrode without and with laser-ablated geometry, b) Comparison of  predicted 
beginning-of-life (BOL) 5C CC-CV terminal voltage response, (c) predicted minimum plating potential evolution for cells with 

non-ablated and 9%, 12%, and 15% laser-ablated NEs, and (d) BOL rate performance experimental data. 

Figure 1b-c illustrates the model-predicted terminal voltage and plating potential with respect to 
capacity.  The plots include responses for the non-ablated and the LA NE designs, which have 
approximately (9%, 12%, and 15% laser-ablated mass removal). All laser-ablated NEs were from 
the same slurry batch and same coating.  The NE sheets started at the same loading as each other, 
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but each sheet had a different extent of LA.   This caused the loading to decrease as the percentage 
LA increased.  The LA NEs had the following loadings: with 9% LA at 4.03 mAh cm-2, 12% LA 
at 3.85 mAh cm-2, and 15% LA at 3.75 mAh cm-2.  The non-laser ablated NE was from a different 
slurry batch, but same formulation.  The non-laser ablated NE had a loading of 4.04 mAh cm-2, 
similar to that of the 9% LA NE.  At a relatively slow 1C C-rate (Figure 1d), cells with the non-
ablated NE is predicted to achieve capacities of 2.65 mAh cm-2 at the end of CC condition. In 
contrast, cells with a laser-ablated NE are predicted to achieve capacities of 2.65 mAh cm-2, 2.57 
mAh cm-2, and 2.55 mAh cm-2, for 9%, 12%, and 15% LA, respectively, which is proportional to 
the electrode loadings at the end of CC condition.  

However, at a relatively fast 5C C-rate (Figure 1d), the non-ablated NE cell is predicted to reach 
capacities of 1.63 mAh cm-2, while the laser-ablated NE cells are predicted to have enhanced 
capacities of 1.72 mAh cm-2, 1.77 mAh cm-2, and 1.70 mAh cm-2 for 9%, 12%, and 15% LA, 
respectively at the end of CC condition. These predicted increases represent capacity 
improvements of 5.5%, 8.5%, and 4.3% for each ablation level, underscoring the benefits of laser-
ablated designs at higher charging rates. Figure 1c further reveals that the predicted minimum 
plating potential at the end of the CC mode for the 12% and 15% LA cases are above 0 V (0.076 
mV and 3.48 mV, respectively), unlike the non-ablated NE. This suggests enhanced resilience to 
Li-plating in the laser-ablated cases, which is crucial for minimizing loss-of-lithium-inventory 
(LLI) 

2.3 Experimental 
2.3.1 Cell design 

The Cell Analysis, Modeling and Prototyping (CAMP) Facility at Argonne National Laboratory 
(Argonne) fabricated sixteen SLPCxx3450-format cells with six distinct design variants, detailed 
in Table 1. These designs were influenced by findings from earlier studies [4,8,14,17,17,23,32], 
and reports on the beneficial effects of SWCNT and LA. The key focus of the present study is 
evaluating XFC performance improvements of SWCNTs in the PE and LA in the NE using well 
designed SLPCs during extended cycling 

Table 1. Cell-build information 

SLPC design PE, mAh cm-2 NE, mAh cm-2 C/10 N:P Comment 
D1, PE-w/o SWCNT 3.12, No SWCNT 3.77, No LA 1.21 Evaluates the effects of 

SWCNT. D2, PE-w/ SWCNT 3.08, SWCNT 3.70, No LA 1.20 
D3, NE-w/o LA 3.39, SWCNT 4.04, No LA 1.19 Evaluated the combined 

effects of SWCNT in PE 
and LA in NE. 

D3 is the baseline for D4, 
D5, and D6. 

D4, NE-9% LA 3.36, SWCNT 4.03, 9% LA 1.20 
D5, NE-12% LA 3.27, SWCNT 3.85, 12% LA 1.18 
D6, NE-15% LA 3.23, SWCNT 3.75, 15% LA 1.16 

 D1=Design 1, D2=Design 2, D3=Design 3, D4=Design 4, D5=Design 5, D6=Design 6. 

The PE designs include a PE without SWCNT (D1) and PEs with 0.05 wt% Tuball SWCNT (D2-
D6). For the NE, the designs include no LA (D1-D3) and electrodes with approximately 9%, 12%, 
and 15% LA (D4-D6). The supplemental information S 3 describes the LA process with relevant 
parameters. Table 1  outlines the cell builds with corresponding electrodes and loading 
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information, ensuring an N:P ratio between 1.16 and 1.21 for all cells. The D1 and the D2 design 
cells are used to assess the impact of SWCNT. Designs D3  through D6 are used to evaluate the 
combined effects of SWCNT in the PE and LA in the NE. Detailed cell design parameters are 
provided in  Table T 4-Table T 9.  

The cells were initially formed, degassed, underwent 1 kHz impedance measurements, and a final 
capacity check at the CAMP facility before being transported to INL for cycle-life evaluation. At 
INL, the design of experiments was developed, followed by comprehensive cycle-life studies and 
aging-mode analyses.  

At INL, initial evaluations were conducted to measure the BOL cell variability. Each cell was 
secured using fixtures applying pressures between 15–30 kPa. The entire fixture was placed in a 
thermal chamber (specific models used were TestEquity 1007C, Espec, or Associated 
Environmental System Chambers) and maintained at a consistent temperature of 30 ± 1 ◦C. All 
charging and discharging tests were automated using a MACCOR Series 4000 system. For 
additional details on the fixturing process, see reference [45]. Electrochemical impedance 
spectroscopy (EIS) measurements were performed using a Solartron 1287 potentiostat and a Model 
1260 analyzer. The Supplemental Table T 10 presents the average values and the 1σ standard 
deviation for various metrics such as mass, open circuit voltage, and high-frequency impedance of 
the as-received 16 cells. These tests show a tight spread except for the D1 cells; measured 
capacities at C/20 and C/3 also shown to have little cell-to-cell variation. All 16 cells, from D1-
D6, underwent initial BOL testing, encompassing assessments such as static-capacity evaluation 
test (SCT), C/20 charge/discharge cycle tests, EV hybrid pulse-power characterization (HPPC) 
[46], and EIS tests. Supplemental Table T 11 and Table T 12 provides a more-detailed breakdown 
of the BOL testing procedures. 

Following BOL testing, 8 cells: one cell from each D2-D6 and 3 cells from D1 underwent a rate 
capability test (RCT). This test involved CC-CV charging at various C-rates based on the capacity 
at C/3 from the BOL SCT. The charging rates ranged from 0.5C up to 7C, with a cutoff voltage set 
at 4.1V. After each charging step in the RCT, a 30-minute rest period was implemented to gather 
cell impedance and transport polarization data. The cells were then discharged at C/3 to 3V, 
followed by another 30-min rest before the next charging cycle, continuing until the 7C charge 
rate was completed. 

Impedance polarization, which includes ohmic and charge-transfer impedances, was determined 
by the immediate voltage drop (within approximately 12 ms) following each charging step [14,45]. 
Transport polarization, reflecting the combined Li-ion transport-related losses in both the liquid 
and solid phases, was determined from the voltage drop observed between 12 ms to 30 min [14,45].   

Additionally, the coulombic efficiency (CE) and the rate of voltage change (dV/dt) during rest 
periods after charging were calculated for various charge-discharge steps throughout the RCT tests. 
The insights derived from impedance and transport-polarization, along with CE and dV/dt, can be 
used to understand underlying mechanisms occurring during fast-charge [8,14,17,45,47,48]. Based 
on the findings from these electrochemical measurements, a 5C CC-CV charging protocol was 
established at 30 °C. Under this protocol, 8 cells (2 cells each from D3-D6) were charged at 5C up 
to 4.1V, followed by CV charging at 4.1V until a total charging time of 12 min (CC + CV) was 
reached. For cycling, the following protocol was adopted: cells were discharged at C/3, rested for 
30 minutes, and then charged to 4.1V using the 5C CC-CV method with a 30-minute rest after 
charging. This cycle was repeated for each cell from D3-D6 over 800 cycles, with reference 
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performance tests (RPTs) being conducted at specified cycle intervals as detailed in Supplemental 
Table T 13. The RPTs included a slow-rate C/20 charge-discharge test between 3 and 4.1V and an 
EIS test at 3.8V (Table T 11 and Table T 12), both of which were used to assess the cell’s state of 
health 

 

 

3 Results 
 

3.1 BOL performance with and without SWCNT 

Figure 2 shows the comparison between D1 and D2, identified as PE-w/o SWCNT and PE-w/ 
SWCNT, respectively. Figure 2a, b shows that cell with SWCNT in the PE, showed distinct 
improvement in impedance and transport polarizations during XFC conditions. Unlike the PE-w/ 
SWCNT condition, the cell without SWCNT in the PE, also exhibits a plateau-like in the transport 
polarization (Figure 2b) behavior after approximately 4C, which has previously been attributed to 
Li-plating [49]. 

The Nyquist plot in Figure 2c shows that the inclusion of SWCNT marginally enhances the ohmic 
performance. However, the majority of the impedance polarization originates from the charge-
transfer impedance, as indicated by the mid-frequency depressed semi-circle. Figure 2d illustrates 
that the D2 cells significantly outperformed the D1 cells in terms of charge acceptance at higher 
C-rates (>1C). Specifically, the D2 cells achieved an impressive 83.7% charge acceptance at a 5C 
rate over a 12-min charging period within a 3–4.1V voltage window. In comparison, the D1 cells 
managed only 70.5% charge acceptance under the same conditions, marking a substantial decrease 
of 13.1% as detailed in Supplemental Figure S 4d. Charge acceptance is defined as the ratio of the 
charge stored by the battery during a CC-CV charging event to its nominal discharge (or rated) 
capacity @ C/3, multiplied by 100 to express it as a percentage. 

Unlike the transport polarization curves (Figure 2b), the CE and dV/dt curves (Figure S 4a-c) did 
not show any significant drops or sharp peaks, indicating an absence of Li-plating at high C-rates 
(>3C) for both cell types (D1 and D2). As described by Vennam et al., this behavior is common, 
as not all signatures are indicative of Li-plating [49]. Thus, it is standard practice to apply multi-
signal analysis to accurately detect Li-plating 
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Figure 2. a) and b) BOL impedance and transport polarizations, obtained from RCTs for with and without SWCNT (average of 3 
cells) designs, respectively c) BOL EIS for with and without SWCNT (average of 3 cells) designs, d) charge acceptance with and 

without SWCNT designs at 0.5C-7C in mAh.cm-2. 

 

3.2 BOL performance with SWCNTs, and without and with LA 
Incorporating SWCNTs into the PE significantly enhanced cell performance at the macroscale, as 
discussed in Section 3.1. Figure S 5 contrasts the electrochemical characteristics of D2 with D3. 
Despite D3 featuring slightly higher loading and lacking LA in the negative electrode (NE), it 
includes SWCNT in the PE, similar to D2. Figure S 5a reveals that the CC-CV normalized areal 
charge acceptance of D3 is superior across all tested C-rates (0.5C-7C). However, at 5C, D3 
exhibits a lower normalized recharge percentage and a drop in CE (Figure S 5b,c), suggesting Li-
plating, although the recharge percentage remains robustly above 80% at this high C-rate. 
Consequently, the high loading and SWCNT in D3 enhances its areal capacity, establishing it as 
the baseline for subsequent comparisons with other designs (D4-D6) that incorporate NE with LA. 

Comparative analysis of the LA effects (D4-D6) to those without LA (D3) reveals notable 
improvements. All Designs (D3-D6) contain SWCNT in the PE, enhancing the baseline PE 
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electrical conductivity. As shown in Figure 3a, adding LA significantly enhances impedance 
polarization up to a 3C rate, achieving similar improvements to those observed with SWCNT in 
PE (D2). Furthermore, the combined effect of SWCNT and LA eliminates any distinct transport 
polarization plateau up to 7C, as seen in Figure 3b. This is evidenced by transport polarization 
improvements of up to 40% (Supplemental Figure S 6a), with the 12% LA showing optimal 
performance. 

Figure 3c, and d highlights that LA significantly enhances both CE and charge acceptance. 
Specifically, treatments with 12% LA (D5) and 15% LA (D6) achieve the highest CC-CV charge 
acceptance rates of 84.6% and 85.1%, respectively, at a 5C rate within a 12-minute charge period. 
These values surpass the 82.2% charge acceptance of baseline cells without LA (D3), showing a 
3.38% increase in charge acceptance despite lower overall anode loading. 

Additional dV/dt analysis (Supplemental Figure S 6d, e) supports the superior performance of cells 
treated with 12% and 15% LA, as they exhibit no dV/dt shoulders—an indicator of effective Li-
plating suppression. Although the model (Figure 1c) predicts that cells with 9% LA (D4) 
outperform those without LA (D3), the CE curves (Figure 3c) beyond 5C do not show a steep drop 
for D3. This discrepancy may stem from the model’s predictive accuracy, which appears most 
reliable up to 5C, where CE curves for D3 and D4 are comparable. 

However, the partially laser-ablated electrode microstructure (D4) could introduce localized 
variations in current density and ion transport that are not fully captured by the model. These 
variations may lead to increased side reactions or localized lithium plating at very high rates (>5C), 
thus reducing CE. Other data, such as Figure 3d and Supplemental Figure S 6b and c, indicate 
lower overall charge acceptance in D3 relative to D4, with noticeable Li-plating shoulders 
appearing at 5C in D3 but only at 5.5C in D4. Consequently, 9% LA (D4) does indeed perform 
better than the baseline (D3), and it would be premature to conclude that D3 is superior based 
solely on CE trends observed beyond 5C. 

To justify the study design, it is crucial to clarify the decision-making process regarding the cycling 
protocols. Initial electrochemical tests demonstrated that D3 provided superior areal charge 
acceptance, leading to the decision not to study cycle-life in D1 and D2. This was based on 
preliminary insights indicating that cycling these designs would not yield additional benefits but 
rather replicate known limitations like reduced areal charge acceptance and increased Li-plating 
susceptibility. Thus, the focus of the cycling study shifted to evaluating D3-D6 using a 5C-12-min 
CC-CV charging protocol. This protocol was selected due to its challenging, yet practical, 
approach for assessing high-rate conditions, allowing the team to examine the charge acceptance 
capabilities, improved polarization and the efficiency of Li-plating suppression mechanisms 
(Figure 3c,d, Figure S 6) within a realistic timeframe suitable for high-performance applications 
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Figure 3. a) and b) BOL impedance and transport polarizations, obtained from RCTs for with and without LA designs, c) CE with 

and without LA designs in % and d) 5C CC-CV  Ah based charge acceptance (%) from 3-4.1V with and without LA designs. 

3.3 Cycle life performance 
In this study, we employed a 5C-12 min CC-CV charging protocol to test cells from D3-D6 up to 
800 cycles, analyzing the cycle life performance at these fast-charge rates coupled with C/3 
discharge rates. The collected CC-CV cycle life testing data are detailed in Figure 4, Figure 5 and 
Supplemental Figure S 7, which illustrate the cycle-by-cycle (CBC) electrochemical analysis 
results. 

Figure 4a) reveals the normalized CC-CV recharge percentages across the cycle number, where 
cells treated with 15% LA (D6) and those without LA (D3) exhibited notably poorer performance 
as compared to the 9% (D4) and 12% (D5) LA cells; the charge acceptance  for the D6 and D3 
cells decreased to 77.32% after 500 cycles (for both designs) and further deteriorated to 66.66% 
and 77.11%, respectively by 800 cycles. In contrast, cells with 9% and 12% LA treatments 
maintained higher charge acceptance rates of 86.1% and 89.6% after 500 cycles, which slightly 
decreased to 80.98% and 84.33% by the end of 800 cycles, respectively. Supplemental Figure S 
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7a displays the CBC charge acceptance in mAh cm-², with the 12% LA cells at 2.0 mAh cm-² and 
the 15% LA cells at 1.58 mAh cm-². 

Figure 4b presents the end-of-charge (EOCV) rest voltages, taken after a 30-min rest after each 
charge. Notably, there is a significant rapid increase in EOCV observed after 250 cycles in cells 
treated with 15% LA (D6) and during initial cycling in cells without any LA (D3), highlighting 
more pronounced degradation mechanisms as cycling continues. Figure 4c showcases the CBC 
dV/dt signatures, which are prominently observed in the initial stages of cycling, notably as early 
as cycle 4 (dV/dt peaks), particularly in D3 cells. This pattern corresponds closely with the EOCV 
trends, unlike other designs where such dV/dt signatures are less evident. Supplemental Figure S 
7b,c,d,e provides a detailed breakdown of CBC dV/dt signatures for Designs D3-D6 for various 
cycle numbers. 

Figure 5 provides additional insights into the battery's performance through RPT data. This figure 
shows the average capacity fade and standard deviation measured at C/20 across various RPTs 
with respect to cycle number. There are clear, distinct patterns in capacity fade across the different 
cell designs. Cells without LA (D3) exhibit an accelerated capacity fade early in the cycling 
process, which later stabilizes to a slower rate of decline. In contrast, cells with 15% LA (D6) 
initially display a capacity fade rate similar to those with 9% (D4) and 12% LA (D5) up to 250 
cycles. Beyond this point, however, the 15% LA cells begin to fade at a significantly faster rate, 
diverging sharply from the pattern observed in the 0% LA condition (D3) and culminating in over 
a 30% reduction by the 800th cycle, likely due to differing aging mechanisms. The poor 
performance of the 15% LA (D6) cells is attributed to LLI and loss of active material (LAM) in 
both NE and PE, as detailed in Section 3.4. Meanwhile, the 9% and 12% LA conditions 
demonstrate a more uniform, nearly linear aging trend, resulting in final capacity fades of 17.4% 
and 13.8% after 800 fast-charge cycles, respectively. 
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Figure 4.  a) normalized CC-CV charge acceptance in 9%,12%,15% LA compared to BOL in %, b) EOCV curves for NE-9%, 

12%, 15% LA compared to baseline NW-w/o LA, c) dV/dt curves for NE-9%,12%,15% LA compared to baseline NW-w/o LA. 
Note: Normalization was with respect to initial values at cycle 1.  

The EIS curves in Figure S 7f, Figure 5b and c compare impedance at the BOL and at subsequent 
RPTs at 250 and 800 cycles, respectively. While improvements in impedance with varying 
percentages of LA remain inconclusive from these readings, a modest increase in impedance from 
BOL to 800 cycles is evident across all cell designs.  

In summary, electrochemical analyses from Figure 4, Figure 5, and Figure S 7 reveal that Li-plating 
was a significant issue for cells treated with 15% LA (D6) and those without any LA (D3), as 
indicated by the severe C/20 capacity fade, EOCV, and dV/dt curves. In contrast, cells with 9% 
(D4) and 12% LA (D5) treatments exhibited much lower capacity fades of 17.4% and 13.8%, 
respectively, effectively avoiding Li-plating. To provide further clarity, we have included the C/20 
capacity fade cycling data for each cell with D4, D5, D6 design treatments in Supplementary S5 
(Figure S8). This comparative analysis underscores the effectiveness of moderate LA treatments 
in enhancing the resilience and longevity of cells under high-rate charging conditions 
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Figure 5. a) C/20 capacity fade data, Evolution of EIS curves for NE-9%,12%,15% LA compared to baseline NW-w/o LA at , b) 

RPT 4 (cycle 250) and c) RPT 7 (cycle 800) 

 

3.4 Dominating Aging Modes 

Understanding the dominant aging modes is crucial for design iterations in XFC. Earlier studies 
using the same materials and similar cell designs have indicated two primary aging modes: LLI 
and LAM in the positive electrode (LAMPE) [16,45,47,50–52]. In one previous study, LAM in the 
NE was identified. Upon diagnosis, the underlying issue was found to be the insufficient use of 
binder in the NE [8,17]. After re-optimization, the LAM in the NE no longer persisted [4]. As a 
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continuation of previous efforts, incremental capacity (IC) analysis was used here to identify the 
significant aging modes of these cell builds. 

The average of the voltage and dQ/dV (C/20 basis) data from cells in each design (D3-D6) was 
used to examine IC. Then, the IC curves were plotted against voltage for the designs D3-D6 (Figure 
6) at different RPTs (black curve at BOL, violet curve after 800 cycles). Significant dQ/dV peaks 
are associated with particular phase transitions in the graphite and NMC electrodes. The 
convolution of the graphite and NMC contributions is responsible for the three major peaks in 
Figure 6a, designated I, II, and III [45]. Peak I is associated with the lithiation and de-lithiation 
processes in graphite during charging and discharging, according to previous studies, whereas 
peaks II and III are associated with phase shifts in NMC that take place between 3.6 and 3.9V 
[53,54].  

Capacity fading in commercial cell testing, which is mostly related to LLI, frequently stays 
consistent in the early stages. LLI arises from several factors: 1. Solid electrolyte interface (SEI) 
layer formation, 2. irreversible Li-plating, and 3. passivation of the positive electrode [55]. As 
shown in Figure 6a, the D3 exhibits a shift of peak I from 3.42V to 3.52V after 800 cycles (violet 
curve), along with a gradual decrease in peak II and a broadening and leftward shift of peak III. 
Previous reports have indicated that the non-uniform reduction and shifting of peaks are associated 
with LLI confirming that the design D3 experiences LLI [45,56]. This conclusion is further 
supported by EOCV, dV/dt (Figure 4b,c) and CBC data analysis (Figure 5, Figure S 7), suggesting 
that the LLI is likely due to Li-plating on the NE. Postmortem analysis after 800 cycles confirms 
these findings, indicating extensive Li-plating on the graphite surface, which interacts with the 
electrolyte to form a secondary SEI layer that worsens LLI [52,56]. The scenario involving D3 
parallels the findings observed in the D4, D5, and D6 cases, where peak shifting and reduction 
were noted. This suggests that the cells under these conditions also experience LLI. Unlike the D3, 
peak I shifted to 3.49V and 3.48V for the D4, and D5, respectively (Figure 6b, c), with peak II 
showing a smaller reduction, indicating less LLI in the D5 case. Notably, a significant shift (from 
3.42V to 3.54V) and reduction of peak I were observed in the D6 case (Figure 6d), confirming 
considerable LLI due to Li-plating. This finding aligns with EOCV(Figure 4b) and CBC data 
analyses (Figure 5, Figure S 7). 

The second mode of aging involves LAM, which can happen in either the NE or PE. Figure 6a 
shows that peak I retains its intensity after 800 cycles (violet curve). Dubarry et al. suggested that 
gradual changes in peak intensity correspond to LAM [56]. The notable intensity change in peak 
II indicates LAM in the PE, as this peak is associated with NMC phase transitions. Additionally, 
the broadening of peak III (Figure 6a) suggests an increasing N/P ratio [53] confirming LAM in 
the PE for D3. Meanwhile, peak III consistently shifts to lower voltages across all configurations, 
indicating increased ohmic resistance. This shift is observed across configurations, although 
increased ohmic resistance mainly affects cell voltage rather than capacity [56]. In the D4 and D5 
configurations, peak II remains visible even after 800 cycles. In contrast, peak II has completely 
disappeared in the configurations D3 and D6, indicating more LAM at the PE in these cases as 
compared to the D4 and D5 configurations. Similar to D3, peak III in D6 broadens and shifts to 
lower voltages due to increased ohmic resistance after 800 cycles. 
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Interestingly, in the D6 condition, peak I shows significant reduction after cycling. Since peak I 
corresponds to the lithiation and de-lithiation of graphite, this condition suggests LAM in the NE 
[53,54]. Additionally, the postmortem analysis after 800 cycles confirmed that microcracks and 
significant Li-plating occurred on the NE (Figure 7d,h). The microcrack observed on the NE 
reduces electronic conductivity, which may result in a decline in capacity. Furthermore, Li-plating 
on the laser-ablated region obstructs the interaction between the electrolyte and the anode materials 
(Figure 7h). The physical degradation of the NE, along with the increased Li-plating in  the  D6 
cases, contributes to LAM/Li accumulation in the NE due to pore blockage  [12]. Moreover, the 
LAM at the NE may contribute to reduced N/P capacity ratio, which impacts the charge-discharge 
cycling of the batteries [45]. The reduction and disappearance of peak II implies that LAM also 
occurs in the PE [53,54]. As a result, higher capacity fades happened for the D6 cases as compared 
to the other laser-ablated conditions. Therefore, in the D6, LLI occurred at the initial stage and 
then LAM impacts both the NE and PE. 
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Figure 6. Incremental capacity, dQ/dV curves for a) NE- w/o LA, b) NE-9% LA, c) NE-12% LA, and d) NE-15% LA 
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3.5 Post-Mortem Characterization 
3.5.1 Optical Images 

 

In this investigation, we examined Li-plating occurrences in LiBs during fast-charge conditions 
by conducting post-mortem analyses on four cells. Each cell was subjected to an 800-cycle 
regimen at 5C-4.1V, represented in designs D3-D6, as depicted in Figure 7a-d. Prior to 
disassembly, the cells were discharged to 3V at C/3, followed by a 2-hr CV hold. 

Optical imaging of the NE surfaces of the non-ablated (D3, Figure 7a) and 9% LA (D4, Figure 7b) 
revealed substantial Li deposits, identified by their shiny appearance, indicating significant Li-
plating on the graphite NEs. The 15% LA design (D6, Figure 7d) also showed Li deposits. 
However, the Li deposits in the D6 were less pronounced than those in the D3 and D4 design cells. 
and higher than those realized in the D5 case. These observations align with the capacity 
degradation and Li-plating signatures outlined in Figure 4 and Figure 5, where designs D3, D4, 
and D6 exhibited capacity reductions of 25%, 17%, and 33%, respectively. Pore obstruction 
resulting from the significant amount of Li-plating was noted in the scenario involving D6 case, 
refer to Figure 7h. According to the IC analysis, the notable alteration in Peak II validated the 
presence of LAM at the PE (Section 3.4). In contrast, minimal Li deposits were observed in the 
D5 case (Figure 7c), correlating with the lower capacity fade of 13% noted in these cells. Although 
no electrochemical signatures of Li-plating were evident in earlier analyses from Figure 4, Figure 
5, and Figure S 7, post-mortem examinations showed small amounts of Li-plating (Figure 7c). 
This supports the aging analysis from Section 3.4 (Figure 6c), indicating a minor degree of LLI in 
the D5 case. While Li-plating is evident from various data sources discussed herein, the “shiny” 
artifacts in optical images may not provide accurate quantification of this mechanism, as some of 
the surface anomalies noted in Figure 7a-d could also be salt residue or other SEI remnants that 
accumulated on the anode surfaces. 

These findings align with the detailed analysis in Section 3.4 of the dQ/dV profiles, which 
demonstrated significant reductions in peaks I, II, and III, pinpointing LLI as the primary cause of 
the observed capacity fade. Furthermore, the results support existing studies indicating that Li-
plating typically becomes irreversible at high C-rates above 3C [49,57]. This irreversible 
deposition was evident in the analysis of cells subjected to a 5C-4.1V charging regimen, 
particularly in cells from designs D3, D4, and D6, as illustrated in  Figure 7 a, b, and d. The study 
also confirmed that all cells were discharged to 3V at C/3 followed by a 2-hr CV hold before 
disassembly, further validating the identification of irreversible Li-plating. 
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Figure 7. Optical images of NE after 800 cycles: a) NE- w/o LA, b) NE-9% LA, c) NE-12% LA, d) NE-15% LA, and SEM 

images of NE after 800 cycles: e) NE- w/o LA, f) NE-9% LA, g) NE-12% LA, and h) NE-15% LA 

 

 

 

 

 

   

 

 

 

 

                                                 

                                           

                                                  

 

          

                                          

    

a) NE-w/o LA, optical image e) NE-w/o LA, SEM images 

b) NE-9% LA, optical image f) NE-9% LA, SEM images 
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c) NE-12% LA, optical image g) NE-12% LA, SEM images 
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d) NE-15% LA, optical image h) NE-15% LA, SEM images 

Bulged particles 
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3.5.2 SEM Imaging 
In this study, SEM images of both pristine and cycled NE samples are analyzed and shown in 
Figure 8 and Figure 7, respectively. Figure 7e features D3 cell, where shiny areas are indicative of 
Li-plating and bulged particles are evident as compared to the pristine NE shown in Figure 8a [58]. 
This suggests that a significant portion of the capacity fade of 25% was primarily due to extensive 
Li-plating. Similarly, the D6 cell (Figure 7h) shows a higher capacity fade of 33%, which can be 
attributed to residues that include Li deposits and Li-plating on the NE [58,59]. Li-plating was also 
detected within the ablated holes, exacerbating the degradation on the anode materials and causes 
higher LLI. It is recognized that quantification of Li-plating would require additional chemical 
analyses of the harvested anodes, and that the shiny artifacts might not be strictly due to Li 
deposition on the surface.  

In contrast, D4 (Figure 7f ) and D5 (Figure 7g) cells displayed no dendritic structures, although 
some electrolyte salt residue may be present. Notably, D4 cells  (Figure 7f) experienced a reduction 
in hole size due to plating, whereas the D5 cells (Figure 7g) preserved the uniformity of the laser-
ablated holes even after 800 fast charge cycles, demonstrating negligible Li-plating. Moreover, 
across all cells with LA, we noticed cracking along the electrode at the ablated holes, suggesting 
that the LA process might be influencing these structural changes. For D6 electrodes, SEM analysis 
of the fresh electrode reveals no microcracks, indicating that such microcracks develop during 
cycling. Consistent capacity fading was observed up to 250 cycles, but a significant capacity 
decline after 250 cycles suggests structural changes occur due to cycling. Notably, the pore 
diameter of the 12% LA samples is larger than that of other LA samples (Figure S 3e), and this 
case exhibits better performance. Therefore, it can be concluded that the pore size and the distance 
between the pores greatly influence the structural strength of the electrode. 
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Figure 8. Pristine NE SEM images for a) NE- w/o LA, b) NE-9% LA, c) NE-12% LA, and d) NE-15% LA 
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4 Discussion 
The work presented in this manuscript highlights the role of conductive additives in enhancing the 
XFC performance of high-loading electrodes.  Integrating SWCNTs into the NMC PE has proven 
to markedly enhance electrical conductivity and charge acceptance, which are critical during fast-
charge conditions. SWCNTs not only reduces impedance (Figure 2a) but also prevents the 
development of plateaus in transport polarization (Figure 2b) and peaks in dV/dt curves (Figure S 
4b), effectively suppressing Li-plating. This adaptation results in a notable increase in charge 
acceptance by 13.1% at a 5C rate within a 3-4.1V window (Figure S 4d), highlighting the 
considerable advantages of SWCNTs in enhancing the performance of high-loading cell designs. 

LA in the NE can further improve electrode/cell polarization, as detailed in NREL’s previous study 
[32]. This comprehensive study, through modeling and experiments, demonstrated the benefits of 
LA in enhancing cell transport potential. However, optimizing LA is necessary to maximize the 
benefits observed in this study. Further enhancements have been achieved through the strategic 
combination of SWCNTs (in the PE) with LA in the NE (D4-D6). This synergy has resulted in up 
to a 40% improvement in transport polarization (Figure S 6a) and charge acceptance rates reaching 
as high as 85% at 5C (Figure 3d). Such dual modifications not only exhibit synergistic effects but 
also set new performance benchmarks, significantly extending the operational efficiency and cycle 
life under demanding conditions. 

Cycle-life analysis further demonstrated the durability of these enhancements. Moderate levels of 
LA (9% and 12%) effectively minimized capacity fade, showing capacity fades of only 17% and 
13% respectively after 800 fast-charge cycles. In contrast, cells with a higher degree of ablation 
(15%) showed considerable capacity reduction and severe Li-plating, evidenced by EOCV (Figure 
4b), dV/dt (Figure 4c), C/20 capacity fade (Figure 5a), and optical/SEM analyses (Figure 7a-h). 
These issues underscore the need for optimal LA to prevent excessive LLI. dQ/dV analysis 
supports these observations, highlighting increased LLI and LAM in cells with no LA and those 
with the highest ablation level (15% LA). 

Regarding aging modes, the study identifies that LAM, whether in NE or PE, presents significant 
challenges, particularly under high operational demands such as XFC. The analysis of peak shifts 
in dQ/dV profiles, such as the notable reduction in peak I for cells with 15% LA (Figure 6d), 
directly ties to extensive LLI and LAM in the NE, further supported by postmortem analysis 
showing extensive Li-plating and physical degradation. The deterioration of the negative electrode, 
resulting from microcracks and Li-plating, results in LAM at the NE. Consequently, this 
diminishes the battery's performance at high C-rate. These observations suggest that while LA and 
SWCNTs provide substantial benefits, their impacts on aging modes must be carefully balanced 
to optimize battery health and ensure the viability of LiBs for future high-performance 
applications. 

In the ongoing exploration of strategies to enable extreme fast charging within 10-15 mins, it's 
evident from the findings reported in article [4] that there is no singular solution or design that can 
achieve this objective alone. Instead, a multifaceted approach is required. Previously, six different 
strategies were evaluated: optimizing PE chemistry, enhancing the carbon binder domain in the 
PE, implementing dual layer NE designs, utilizing high porosity separators, employing advanced 
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electrolytes, and developing innovative charging protocols [4,23]. In the present study, we have 
added two additional strategies—integrating SWCNTs into the PE and applying LA to the NE—
even without leveraging advanced charging protocols. 

The integration of these strategies has demonstrated significant improvements in battery 
performance, underscoring the potential for a combined approach to meet the demands of XFC. It 
is reasonable to anticipate that by selecting and synergizing the most effective solution strategies, 
particularly in energy-optimized cells with higher active material loadings (~4 mAh cm-²), it is 
possible to successfully achieve the goal of 10–15 min fast charging. Such an approach would not 
only push the boundaries of current battery technology but also significantly enhance the practical 
usability and adoption of electric vehicles. 

5 Conclusion 
This study underscores the effectiveness of incorporating Single-Wall Carbon Nanotubes 
(SWCNTs) and Laser Ablation (LA) into the positive electrode (PE) and negative electrode (NE) 
of LiBs, respectively, aiming to achieve rapid charging capabilities within the ambitious 10-15 min 
timeframe. The findings illustrate that augmenting cells with SWCNTs in the PE significantly 
enhances charge acceptance, showing a 13.1% increase at 5C rates, and effectively mitigates issues 
related to cell polarization. This positions SWCNT-enhanced cells as highly viable for demanding 
fast charging applications. Additionally, employing moderate levels of LA (9% and 12%) in the 
NE not only preserves the battery's capacity over 800 cycles—demonstrating capacity fade of 
merely 17.4 % and 13.8 %, respectively—but also prevents the negative impacts associated with 
high-rate charging. Conversely, higher levels of LA (15%) introduce more significant capacity 
losses and Li-plating, highlighting the need to carefully balanced LA amounts and aging-informed 
cell-balancing to optimize performance and avoid detrimental effects such as LLI. 

By adopting a 5C (12-min) charging protocol, cycling-performance data validates the combined 
benefits of SWCNTs in the PE and LA in the NE in high-loading cells and elucidate their long-
term impacts on battery performance. A methodological in situ and post-mortem approach is used 
to identify key aging mechanisms.  This analysis shows that moderate levels of LA in the negative 
electrode are indeed a feasible strategy for enabling XFC without incurring significant long-term 
issues. 

The combined implementation of these technologies represents a substantial advancement in LiB 
development. This integrated approach not only reduces the risk of Li-plating but also establishes 
a foundation for further innovations in battery technology. 

 

  



24 
 

 

6 Appendix 
List of all Abbreviations 

BOL  Beginning-of-life 
CC-CV  Constant current constant voltage 
CE  Coulombic efficiency 
C-rate  Charging rate 
DiffCap  Differential capacity 
dQ/dV  Differential IC 
dV/dt Differential voltage wrt time 
EIS  Electrochemical impedance spectroscopy 
EOCV  End of charge rest voltage 
FCC  Fast charge capability 
Gr  Graphite 
HPPC  Hybrid pulse-power characterization 
IC  Incremental capacity 
LA Laser ablation 
LAM  Loss of active material 
LiB  Lithium-ion batteries 
LLI  Loss of Li inventory 
NE Negative electrode 
OCV  Open circuit voltage 
PE Positive electrode 
RCT  Rate capability test 
RPT Reference performance tests 
SEI Solid electrolyte interface 
SEM Scanning electron microscope 
SWCNT Single-walled carbon nano tubes 
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