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Abstract:

Li-ion batteries that can simultaneously achieve high energy density and fast charging are
essential for electric vehicles. Graphite anodes enable a high energy density, but suffer from
an inhomogeneous reaction current and irreversible Li plating during fast charging. In
contrast, hard carbon exhibits superior rate performance but lower energy density owing to its
lower initial Coulombic efficiency and higher average voltage. In this work, we overcome
these tradeoffs by fabricating hybrid anodes with uniform mixtures of graphite and hard
carbon, using industrially-relevant multi-layer pouch cells (> 1 Ah) and electrode loadings (3
mAh/cm?). By controlling the graphite/hard carbon ratio, we show that battery performance
can be systematically tuned to achieve both high energy density and efficient fast charging.
Pouch cells with optimized hybrid anodes retain 87% and 82% of their initial specific energy
500 cycles of 4C and 6C fast-charge cycling, respectively. This is significantly higher than the
61% and 48% specific energy retention with graphite anodes under the same conditions. The
enhanced performance is attributed to improved homogeneity of the reaction current

throughout the hybrid anode, which is supported by continuum-scale modeling. This process
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is directly compatible with existing roll-to-roll battery manufacturing, representing a scalable

pathway to fast-charging.

1. Introduction

Lithium-ion (Li-ion) batteries with both high energy density and fast-charge capability are
needed to accelerate the widespread use of electric vehicles (EVs). However, current high-
energy-density EV batteries are unable to achieve fast charging without adversely impacting
battery performance and safety. When Li-ion batteries are charged at high rates, increased cell
polarization results in limited energy utilization, increased capacity fade, excessive heat
generation, and other deleterious effects.[!3] These consequences limit the charging time of
the state-of-the-art EV batteries. Therefore, there is an unmet need to develop Li-ion
technology that can simultaneously achieve high energy density and efficient fast charging.
To address these technological challenges, the U.S. Department of Energy (DOE) has
identified performance targets for extreme fast charging of batteries with > 180 Wh/kg

specific energy within a 10-min charging time and < 20% energy fade over 500 cycles.

Graphite has been predominantly used as the anode material in state-of-the-art Li-ion batteries
due to its stable electrochemical performance and high specific capacity.*! During
charge/discharge processes, graphite displays well-defined voltage plateaus at low potentials
(< 0.2 V vs. Li/Li") as well as relatively-high first-cycle (initial) and subsequent cycling
Coulombic efficiencies. These properties make graphite an attractive material for achieving
high-energy-density Li-ion batteries. As a result, graphite anodes have been commercialized
since the beginning of Li-ion industry and continue to play a critical role in EV battery

technology.[>~!
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While the low redox potential of graphite promotes higher cell energy density, it also raises
concerns when graphite anodes are subjected to fast-charge conditions. During fast charging,
high current densities induce large anode polarizations as a consequence of transport and
kinetic limitations.[®'%1 These limitations can spatially vary throughout the anode
thickness/volume, leading to a spatially inhomogeneous charging current.”131 As a result,
poor electrode utilization and a non-uniform state-of-charge occur during fast charging, with
large portions of the anode near the current collector not being utilized (Scheme 1).1°-!3]
Moreover, the graphite anode can reach electrochemical potential values more negative than
the thermodynamic potential of Li metal (< 0 V vs. Li/Li"), making Li plating a favorable
process. The formation of metallic Li on graphite anode surface has been shown to cause

irreversible loss of Li inventory, leading to significant cell capacity fade.!>!%15]

The high anode polarizations during fast charging have been attributed to several
physicochemical processes, including (1) ionic transport in the electrolyte phase, (2) reaction
kinetics at the graphite/electrolyte interface, and (3) solid-state Li diffusion in graphite
particles.[>*1%171 Consequently, previous research efforts have focused on enhancing ionic
transport in porous electrodes by reducing electrode tortuosity!!>!%1°1 improving interfacial
and transport kinetics through new electrolyte and/or additive design?°2?], increasing the cell

temperature during charging!'®l, and applying coatings to the anode surface!??!,

While improved electrochemical performances have been demonstrated in these approaches,
achieving long-term cycling (> 500 cycles) of graphite-based Li-ion batteries with high
capacity loading (> 3 mAh/cm?) under > 4C fast-charge conditions at room temperature still
remains challenging. In addition, developing scalable processing approaches that are directly
compatible with existing Li-ion manufacturing with minimal additional cost and

implementation time is also important to accelerate commercialization.
3
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In contrast to graphite, which has long-range order in its crystallographic structure, hard
carbon is defined as non-graphitizable carbon consisting of highly disordered carbon layers
(Scheme 1). During the lithiation process, Li can be inserted in between the disordered carbon
sheet domains as well as in the micro-pores of the hard carbon structure.[?*261 When used as
the anode material for batteries, hard carbon has the following characteristics: (1) low
material density (1.6 g/cm?) compared to graphite (2.2 g/cm?), (2) sloping charge/discharge
voltage profile between 0-1.2 V vs. Li/Li*, (3) low initial Coulombic efficiency (< 80%), and
(4) enhanced power performance.!*72>-2"] The low initial Coulombic efficiency of hard carbon
has been attributed to solid electrolyte interphase (SEI) formation*27-28], trapped Li in micro-
pore structures(?’], and reactions between Li and surface functional groups.l**! This large first-
cycle irreversible capacity loss translates into a significant energy density penalty. Therefore,
while the improved rate performance of hard carbon is attractive for high-power

applications!*!!

, poor initial Coulombic efficiency, along with a high redox potential and low
density, have limited its adoption in high-energy-density battery systems.!*32] Therefore, a

tradeoff between the energy density and power performance is present (Scheme 1).

In this study, we introduce a strategy to overcome this energy/power density tradeoff by
fabricating uniform mixtures of graphite/hard carbon active material particles into a bulk
hybrid anode. By doing so, it is possible to balance the desirable characteristics of both
materials and rationally tune the electrode properties in a synergistic manner to improve
current homogeneity and reduce Li plating during fast charging, while maintaining

sufficiently-high cell energy densities (Scheme 1).

Previous studies on the concept of graphite/hard carbon hybrid anodes have been largely

limited to surface modifications of the active materials prior to electrode fabrication, such as
4
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coating hard carbon onto graphite particle surfaces to improve rate capability®*-**l or applying
graphite micro-crystallites onto hard carbon particles to improve initial Coulombic efficiency
and reversible capacity.l*! While mixing of varying carbonaceous materials have been studied
for battery systems[*°—38] the charge rates in these studies have not addressed the DOE and

industry fast-charge targets (10-min charging time).

In this work, we demonstrate hybrid anodes fabricated by mixing graphite and hard carbon to
achieve fast-charging Li-ion batteries with energy density > 180 Wh/kg, using industrially
relevant multi-layer pouch cells (> 1 Ah) and electrode capacity loadings (3 mAh/cm?).
Standard roll-to-roll slurry casting was performed to fabricate the hybrid anodes,
demonstrating compatibility with existing Li-ion manufacturing. By tuning the blend ratio of
graphite and hard carbon, it is shown that the battery performance can be systematically tuned
to simultaneously achieve high energy density and fast charging. As a result of the optimized
hybrid anode design, we demonstrate pouch cells with 87% and 82% specific energy retention
after 500 cycles of 4C and 6C fast-charge cycling using hybrid anodes, compared to 61% and
48% for cells using graphite anodes under the same conditions. In addition, while the
optimized hybrid cells show 10% lower initial specific energy compared to the graphite cells,
the remaining specific energy after 500 cycles of fast charging is 27% larger at 4C and 53%

larger at 6C.

Systematic electrochemical analysis was performed to demonstrate the efficacy of the hybrid
anode design, and synchrotron tomography was employed to analyze the electrode
microstructures. Continuum-scale electrochemical simulations were further performed to
provide insights into the enhanced fast-charge performance, which is attributed to the

improved homogeneity in reaction current distribution throughout the hybrid anode. The cell
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performance presented in this work addresses the DOE goal for fast-charging high-energy-

density Li-ion batteries.
2. Results and Discussion

2.1. Fabrication of Hybrid Anodes

Graphite/hard carbon hybrid anodes were prepared using a pilot-scale roll-to-roll processing
facility at the University of Michigan Battery Lab (further details in Supporting Information).
Five graphite/hard carbon blend ratios were investigated in this work, namely, graphite/hard
carbon = 100/0, 75/25, 50/50, 25/75, and 0/100 (weight ratios). The resulting hybrid anodes
are described below as graphite, Gr-75, Gr-50, Gr-25, and hard carbon, respectively. A
capacity loading of 3 mAh/cm? was controlled for all 5 types of anodes with a calendered

porosity of 31-33%.

Scanning electron microscopy (SEM) was performed to examine the morphology of the
prepared hybrid anodes. Figure 1a shows a top-down image of the graphite anode. The
graphite particles have an ellipsoidal shape with an average particle size of 7.8 um (Figure
S1). Figure 1e shows an image of the hard carbon anode. Compared to the graphite, hard
carbon particles have a more isotropic shape. The hard carbon also displays a smaller average
particle size of 3.3 um (Figure S1). For Gr-75 (Figure 1b), Gr-50 (Figure 1¢), and Gr-25
(Figure 1d) hybrid anodes, the SEM images show that both graphite and hard carbon particles
were homogeneously distributed throughout the anode thickness (cross-sectional SEM images

shown in Figure S2).

To further confirm the homogeneous mixing of graphite and hard carbon, optical microscopy

was performed. The anodes were lithiated at a C/50 rate, and then disassembled and imaged.
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At 100% state-of-charge, the color of graphite changes from grey to gold®°#°], whereas the
color of hard carbon remains dark grey. Therefore, by inspecting the distribution of the gold
graphite particles in the hybrid anodes, the homogeneous blend of graphite/hard carbon can be

visualized (Figure 1f-0).

2.2. Synchrotron Tomography

Synchrotron tomography was performed on the graphite, Gr-50, and hard carbon electrodes to
analyze three-dimensional (3-D) microstructures, following methods described in the previous
studies.[*!*?] Figure 2a-c show 3-D representations of the three electrodes obtained by
segmenting the tomography data (details in Supporting Information). The tomography data
show variations in the porosity from 30% to 35%. In addition to the grey-scale value
information provided by the tomographic imaging, the segmentation threshold was adjusted to
yield a porosity of 31-33% to match the measured capacity loading and thickness values
(Figure 2d-f). While the average porosity values are ~32% for all three electrodes after the

adjustment, differences in the variation of local porosity can be identified.

Porosity maps (Figure S3) show the local variations found across the entire electrode
microstructures. A scale-space analysis on the porosity was performed to ensure the chosen
sub-volume size is representative for all three electrodes (Figure S4). Overall, the Gr-50
electrode has the most uniform porosity distribution shown by its narrow histogram (Figure
2e), followed by that of hard carbon (Figure 2f).[*}] In contrast, the porosity histogram of the
graphite electrode is significantly wider, ranging from 30%-35% (Figure 2d). These localized
variations in electrode microstructures may impact the local current density within the

electrodes. 4]
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In addition, microstructural features such as particle and pore size can be identified, as shown
in Figure 2a-c. The graphite electrode shows the largest pores with elongated shapes, whereas
the hard carbon electrode has the smallest pores with a more circular shape. These
observations are quantified by comparing the average pore diameters (Figure S4). The
average pore diameter reduces from 1.02 £+ 0.03 pum for the graphite electrode to

0.72 £ 0.01 pum for the hard carbon electrode. The average pore diameter of the Gr-50
electrode (0.82 = 0.01 um) is closer to the value of the hard carbon electrode. It is noted that
due to the limitation in resolution, which was calculated to be 317 nm (~2 voxels) by means
of the Fourier shell correlation*], pores smaller than 700 nm (3-4 voxels wide) cannot be

reliably quantified.

Overall, the tomography analysis demonstrates that, while the graphite and hard carbon are
uniformly blended throughout the bulk of the electrode, subtle differences in the local

microstructures can be observed.

2.3. Voltage and Initial Coulombic Efficiency Analysis

To characterize the voltage profile of the hybrid anodes, three-electrode measurements were
performed using a Li metal reference electrode (further details in Supporting Information).
Figure 3a shows anode potential vs. state-of-charge (SOC) profiles of all 5 anodes during
charging at a C/10 rate (further details in Figure S7). As shown in the figure, the graphite
anode shows an initial drop in potential to 0.2V, followed by well-defined voltage plateaus. In
contrast, the hard carbon anode displays a sloping voltage trace as the potential gradually
decreases from 1.2 V to 0 V. For Gr-75, Gr-50, and Gr-25 hybrid anodes, the anode potentials

are observed at intermediate values between the graphite and hard carbon voltage profiles.
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Figure 3b shows a magnified view of the voltage profiles between 0-0.3 V vs. Li/Li". It can be
clearly observed the graphite anode displays three characteristic plateaus at 0.2 V, 0.12 V, and
0.08 V, which can be attributed to transitions between staged phases during Li

intercalation.[46:47

1 On the other hand, hard carbon does not exhibit any voltage plateau. The
high-potential region of the sloping voltage profile has been associated with Li insertion into

interlayer space between carbon layers, and the low-potential region has been attributed to Li

storage in the micro-pores of hard carbon.?*]

For Gr-75, Gr-50, and Gr-25 hybrid anodes, the voltage traces display features from both
graphite (voltage plateaus) and hard carbon (sloping potential), indicating that both materials
are electrochemically active in the hybrid anodes during charging. With higher graphite
content in the hybrid anodes, increasing width in voltage plateaus is observed, which is
consistent with a larger fraction of the capacity provided by graphite. It is also noted that
while the voltage plateaus associated with graphite occur at approximately the same average
potential values regardless of the varying graphite/hard carbon blend ratios (Figure 3b), the
slope of the plateaus increases with increasing hard carbon content. Furthermore, the onset of
the plateaus is observed to be shifted to higher SOCs with increasing hard carbon content.
This is consistent with the more positive potential of hard carbon at low SOC, which will
cause hard carbon to preferentially lithiate during the early stages of charging the hybrid
anodes. These effects, and their impact on fast charging, will be discussed further in the

modeling section below.

To quantify the initial irreversible capacity of the hybrid anodes, initial Coulombic efficiency
(ICE) during the first charge/discharge cycle was measured using a 3-electrode cell. Figure 3¢
shows the ICE vs. graphite content. The graphite anode displayed a high ICE of 88%, whereas

the hard carbon anode ICE was only 76%. For Gr-75, Gr-50, and Gr-25 hybrid anodes, the
9
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corresponding ICE follows a linear relationship as a function of the graphite content (Figure
3c¢), indicating that the ICE can be tuned by adjusting the blend ratios of graphite and hard

carbon.

The ICE was further measured in full cells, where multi-layer pouch cells (> 1 Ah) were
fabricated. The hybrid anodes were assembled with NMC-532 cathodes (N/P ratio of 1.16 +
0.1) to make 5 different types of pouch cells, namely, graphite, Gr-75, Gr-50, Gr-25, and hard
carbon cells. Pouch cells were cycled at a C/10 rate to measure the charge/discharge capacity
during the first cycle (Figure 3d). As shown in the figure, while the first-cycle charge capacity
of all 5 pouch cells is ~ 1.53 Ah, differences in the subsequent discharge capacity are
observed (voltage traces shown in Figure S8). The ICE of the pouch cells is calculated and
plotted in Figure 3¢ to compare with 3-electrode cell results. As shown in the figure, the
pouch cell ICEs agree well with the 3-electrode measurements, with the exception of the pure

graphite cell.

The discrepancy between the 3-electrode and pouch cells using graphite anodes can be
explained by the ICE of the cathode. Winter et al. have shown that the first-cycle irreversible
capacity of NMC cathodes can be attributed to kinetic limitations and irreversible processes,
resulting in an ICE of 83-86%.[48] Recently, Whittingham et al. also demonstrated the first-
cycle capacity loss of NMC-811 is due to slow kinetics and surface changes in the materials
during the charge process.[*”] Therefore, it can be inferred that for anodes exhibiting higher
ICE than NMC cathodes, the overall full cell capacity and ICE will be limited by the cathode.
To verify this point, the ICE of the NMC-532 cathode was further measured (to be 85%)
using the 3-electrode cell setup and plotted in Figure 3¢ (dashed line). For this reason, the Gr-

75 hybrid anode has the same full-cell ICE value as the pure graphite anode (Figure 3c¢),

10
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which demonstrates that hybrid anodes with relatively low hard carbon content will not suffer

significantly from an ICE penalty.

To demonstrate stable cycling of the hybrid anode under standard conditions, all 5 types of
pouch cells were charged/discharged at a 1C/1C rate between 2.7-4.2 V (Figure S9). All
pouch cells exhibit similar aging rates with high capacity retention of 95-96% after 200
cycles. This result indicates that there is minimal difference in performance between the cells
using different hybrid anodes during standard-rate cycling after the initial cell formation

cycles.

2.4. Fast-charge Cycling Performance

To evaluate the fast-charge capability of the hybrid anodes, a CC-CV charging protocol with a
charging time cutoff was used (15 min for 4C and 10 min for 6C), following the DOE battery-
testing guidelines (further details in Figure S10).['33% Pouch cells were cycled in a

temperature-controlled chamber at 30°C.

Figure 4a shows the normalized cell capacity vs. cycle number plot during 4C (15-min) fast-
charge cycling. The capacity shown here is the 1C discharge capacity after each 4C charge
(following the DOE battery-testing guidelines), in order to reflect Li inventory loss and the
remaining cyclable capacity. The y-axis is normalized to the first 4C charge cycle to facilitate
a comparison of capacity retention among all 5 types of pouch cells. The graphite cell exhibits
significant capacity fade during the first 50 fast-charge cycles. This initial non-linear decrease
in capacity has been attributed to significant Li plating during fast charging!®!1%:13:16.17] "which
corresponds to a dip in Coulombic efficiency during initial cycles (Figure S11). As cycling

progresses, the capacity retention of the graphite cell levels off at 67% after 100 cycles, as the

11
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significant Li inventory loss reduces the driving force for further Li plating.[>!3] The Gr-75
cell displays a similar trend with less capacity fade during fast-charge cycling, suggesting an
improved rate performance in comparison to the graphite (Figure 4a). The capacity retention

of the Gr-75 cell is 85% after 100 cycles of 4C fast charging.

In contrast, Gr-50, Gr-25, and hard carbon cells all exhibit stable 4C charging throughout the
course of the test. The steep initial capacity drop observed in the graphite and Gr-75 cells is
completely absent in these cells. As a result, the capacity retention of the Gr-50, Gr-25, and

hard carbon cells after 100 cycles is approximately 96% (Figure 4a).

To further demonstrate the efficacy of the hybrid anode design, another batch of pouch cells
were cycled at a 6C charge rate. As shown in Figure 4b, larger drops in capacity are observed
for both the pure graphite and Gr-75 cells that 4C fast-charge cycling, with only 58% and
74% capacity retention after 100 cycles. The reduced capacity retention during 6C fast-charge
cycling also corresponds to lower minimum Coulombic efficiency values when compared
with 4C fast-charge cycling (Figure S11). This has been attributed to an increased amount of
Li plating with increasing charge rates.!'3! In contrast, the Gr-50, Gr-25, and hard carbon cells
again exhibit stable cycling during 6C fast charging. The capacity retention is ~93% after 100
cycles (Figure 4b). It is also noted that compared to ionic resistance, the electronic resistance
of the cells is much smaller and is not the limiting factor during cycling (Figure S16 in

Supporting Information).

Figure 4c summarizes the capacity retention of all 5 types of pouch cells after 100 cycles of
4C and 6C fast charging. As shown in the figure, for hybrid anodes with increasing (> 50

wt.%) graphite content, lower capacity retention is observed. For hybrid anodes with < 50
grap pacity y

12
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wt.% graphite content, the cells exhibit stable performance with minimal capacity fade during

4C and 6C fast charging (Figure 4c).

While the normalized cell capacity plots (Figure 4a-c) facilitate direct comparisons of
capacity fade (%), the first-cycle irreversibility needs to be accounted for, in order to
demonstrate the total cell capacity. Therefore, Figure 4d and 4e further plot the measured
discharge capacity (Ah) vs. cycle number during 4C and 6C cycling. While the graphite and
Gr-75 cells display higher cell capacity after the formation cycles, they suffer from significant
capacity fade upon fast charging. On the contrary, the Gr-50, Gr-25, and hard carbon cells
exhibit stable cycling at both C-rates. Overall, the Gr-50 cells show the highest total cell
capacity among all 5 types of cells after 100 cycles of 4C and 6C charging. Additionally,
voltage trace plots at various stages of cycling are provided in Figure S12, which demonstrate

that a stable voltage profile is observed for graphite content < 50%.

Figure 4f summarizes the total cell capacity of the pouch cells after 100 fast-charge cycles.
Considering both ICE during cell formation (Figure 3c-d) and capacity fade during fast
charging (Figure 4a-c), it is demonstrated here that an optimal graphite/hard carbon blend
ratio can be selected to maximize the accessible cell capacity during fast-charge cycling. For
an anode loading of 3 mAh/cm? under 4C and 6C fast-charge conditions, our analysis
indicates that the 50/50 graphite/hard carbon blend ratio provides the maximum performance

within the set of ratios tested.

2.5. Post-mortem Morphology Analysis

To confirm that the capacity fade during fast-charge cycling is correlated with increased Li

plating, post-mortem SEM analysis was performed on the pouch cells after 100 cycles of 4C

13
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charging. Cells were fully discharged before disassembly. Photographs of the cycled anodes
are shown in Figure 5a-e. A considerable amount of Li plating is observed on both the
graphite and Gr-75 anodes, where Li deposits cover the entire anode surface (Figure 5a-b).
The plated Li maintains a metallic silver luster, suggesting that during cycling the Li deposits
can become isolated from the electrode surface, resulting in the formation of dead Li.°!! The
SEI growth on the plated Li and irreversible dead Li formation thus cause a permanent Li
inventory loss, leading to the observed capacity fade.[>!7>!1 SEM images further show the
extent of Li plating on the graphite and Gr-75 anodes, where the electrode surface is covered
with dead Li, and no underlying active material particles can be observed from a top view
(Figure 5f-g). Cross-sectional SEM images also show the Li plating (false-colored in yellow)
on the anode surface (Figure 5k-1). An increase in the dead Li thickness is observed with
increasing graphite content, which is consistent with the increased capacity fade during fast-

charge cycling (Figure 4a).

In contrast, the cycled Gr-50, Gr-25, and hard carbon anodes maintain a pristine surface, with
no evidence of Li plating (Figure 5c-e). Both top-down (Figure 5h-j) and cross-sectional
(Figure Sm-0) SEM images show the electrode surface and active particles remain clean and
intact after extended fast-charge cycling. The post-mortem morphology is thus in a good

agreement with the electrochemical performance (Figure 4).

2.6. Continuum-scale Electrochemical Simulations

To provide mechanistic insights for the observed improvement in rate performance of the
hybrid anodes, continuum-scale simulations based on porous electrode theory!®>>3 were
conducted. In particular, we focused on the spatial variation in local reaction current density

throughout the anode thickness, and the consequences of this heterogeneity on the propensity

14
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for Li plating. The model was parameterized by matching the simulated voltage vs. capacity
curves with the corresponding three-electrode measurements for the three anodes at six
different C rates. More details about the model, including equations, parameters, and

validation are described in the Supporting Information.

Galvanostatic charging of the graphite, Gr-50, and hard carbon anodes at 4C and 6C charging
were simulated, and the results for 4C are summarized in Figure 6 (6C results are provided in
Figure S21). The simulations were terminated when the anode voltage (vs. Li metal reference)
reached 0 V, below which Li plating may occur. Thus, these simulations correspond to the
initial portion of the CC charging step in the experiments. A comparison of the simulated
voltage vs. time curves for the three anodes is shown in Figure 6f. The hard carbon anode
maintains a voltage above 0 V for the longest time, followed by the Gr-50 and graphite

anodes.

To explain the difference in the performance of the three anodes, we examined the evolution
of the local reaction current density (Figure 6a-¢), as defined by reaction current per unit
volume within each anode. The reaction current density is obtained by multiplying the
reaction flux at the surface of the active material particles, the surface area of the particles per
unit volume of the electrode, and Faraday’s constant (see the definition of R,, in Supporting

Information).

For the graphite anode (Figure 6a), it can be observed that the current density distribution
becomes highly inhomogeneous after ~20 seconds of charging, with most of the reaction
taking place in the region near the anode/separator interface. The peaks observed in the
reaction current density arise because of the plateaus observed in the graphite OCV.[!3] As

mentioned earlier, a highly inhomogeneous current distribution results in a large anode
15



WILEY-VCH

overpotential, thereby resulting in an earlier termination of the simulation. Moreover, the high
reaction current magnitude causes graphite particles near the anode/separator interface to
lithiate much faster than the rest of the anode. When the surface of the graphite particles near
the anode/separator interface becomes saturated with Li, it becomes susceptible to Li plating
as the charging is continued.4-3% Therefore, due to the inhomogeneous current density

distribution, the graphite anode has a higher propensity for Li plating during fast charging.

In contrast, the distribution of the reaction current density is much more uniform in the hard
carbon anode during 4C charging (Figure 6¢). This results in a smaller overpotential in the
anode, which allows it to maintain current at a potential higher than 0 V for a longer time.
Moreover, the homogeneous distribution lowers the local reaction current and thus reduces
saturation of the particle surface near the anode/separator interface. This is consistent with the
improved rate performance and absence of Li plating observed experimentally. The more
homogeneous current density distribution in the hard carbon anode arises from the complex
interplay between thermodynamics, reaction kinetics, and electrochemistry.l>”l In particular,

58391 while any

the sloping OCV profile can homogenize the current density distributionl
transport limitations tend to increase the inhomogeneity. Due to its higher solid-state Li
diffusivity, smaller particle size, sloping OCV profile, and lower electrode tortuosity, the hard
carbon anode exhibits a more uniform current density distribution than the graphite anode. In

the future, a detailed investigation will be conducted to individually examine the effects of

these factors on the current distribution.

By blending graphite and hard carbon, the resulting Gr-50 hybrid anode exhibits a significant
improvement in the homogeneity of the current density distribution (Figure 6b), as compared
to the graphite anode. To demonstrate that the hard carbon component within Gr-50 enables

this improvement, we examined the evolution of the local current density for the graphite and
16
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hard carbon constituents of Gr-50 anode, as shown in Figure 6d and 6e. Individually, the
current density distribution follows the qualitative trend of the non-blend anodes. For the
graphite component, most of the reaction takes place in the region near the anode/separator
interface, while for the hard carbon component, the reaction is distributed more uniformly.
Nonetheless, there exists a complex interplay between the two constituents, which is evident
in the evolution of the integrated current for each individual component (Figure S19). The
graphite component does not significantly contribute to the reaction until ~80 seconds, as the
bulk of the component is electrochemically inactive in the voltage range during that time
period, except for the region near the anode/separator interface. On the other hand, the hard
carbon component contributes a large fraction of the current throughout the charging. Even
towards the end of the simulation (when the anode voltage reaches 0 V), the hard carbon
supplies 54% of the total current, which in turn reduces the load on the graphite component.
In fact, the maximum surface current density of the graphite particles in the Gr-50 anode is
1.3 mA/cm?, as compared to 1.6 mA/cm? for the pure graphite anode. Furthermore, these
values occur at strikingly different times, 224 seconds for the Gr-50 anode vs. 61 seconds for

the graphite anode.

Overall, the enhanced fast-charge capability of hybrid anodes is attributed to the improved
homogeneity of reaction current, which originates from the interplay between the graphite and
hard carbon constituents. While the more positive potential of hard carbon (compared to
graphite) is often regarded as a disadvantage that limits energy density, in the case of the
hybrid anode design, this drawback can be turned into an advantage. During the early stage of
fast charging, the preferential lithiation of hard carbon particles and their enhanced rate
capability reduces the current load on graphite particles, and lowers their propensity for Li
plating. As charging continues, graphite particles progressively lithiate and contribute to the

total accessible capacity of the hybrid anodes.
17
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In order to quantify the degree of reaction homogeneity, we define Hog as the fraction of the
anode volume that contributes to 90% of the current (integrated from the anode/separator
interface). If the current density is perfectly uniform throughout the anode thickness, Hoo
would be 0.9. For the graphite anode, Hoo rapidly decreases from 0.86 to 0.61 during charging
(Figure S20). On the other hand, for the hard carbon and Gr-50 anode, the Hoo remains above
0.77 and 0.71, respectively (Figure S20). The increase in the Hop value of the Gr-50 anode
over the pure graphite anode clearly demonstrates the synergistic impact of hybrid anode

design, which enables fast charging in energy-dense anodes.

2.7. Energy Density Retention during Long-term Fast-charge Cycling

To evaluate long-term cycling performance and energy density retention, pouch cells were
cycled at 4C and 6C charge rates for 500 cycles. To measure the specific energy (gravimetric
energy density) of the pouch cells, periodic capacity checks were performed after every 50
fast-charge cycles. In each capacity check, pouch cells were charged/discharged at a C/3 rate
between 2.7-4.2 V to measure the capacity, voltage, and energy. Figure 7 shows the stack
specific energy of the pouch cells before fast-charge cycling and after 50, 200, and 500 cycles
of fast charging. The stack specific energy accounts for the mass of all cell components
except the pouch bag, excess electrolyte, and tab extensions (Figure S13). Stack specific
energy is used because it is reduces dependency on the total cell capacity.l®l As shown in
Figure 7, the graphite, Gr-75, Gr-50, Gr-25, and hard carbon cells have an initial stack

specific energy of 202, 196, 180, 161, and 142 Wh/kg, respectively.

Due to Li plating during fast charging, the specific energy of the graphite and Gr-75 cells

plunge to 135 Wh/kg and 160 Wh/kg after only 50 cycles of 4C charging (Figure 7a). The
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specific energy loss is even more dramatic during 6C charging, as the graphite and Gr-75 cells
maintain only 100 Wh/kg and 134 Wh/kg after 50 cycles (Figure 7b). In contrast, the Gr-50,
Gr-25, and hard carbon cells demonstrate stable cycling at both 4C and 6C charge rates with
minimal loss in specific energy. Among all 5 types of pouch cells, the Gr-50 cells maintain
the highest specific energy throughout the 500 cycles of fast-charge cycling at both 4C and 6C

charge rates.

It is therefore concluded that although high-specific-energy (> 200 Wh/kg) Li-ion batteries
can be achieved using graphite anodes, significant Li loss upon fast charging quickly reduces
the available energy density. Compared to the initial specific energy, the energy retention of
the graphite cells is only 61% and 48% after 500 cycles of 4C and 6C charging, as shown in
Table 1-2 (also see Figure S14). In contrast, by rationally tuning the blend ratio of
graphite/hard carbon in the hybrid anodes, the Gr-50 cells can achieve an initial specific
energy of 180 Wh/kg, while maintaining an energy retention as high as 87% and 82% after
500 cycles of 4C and 6C fast-charge cycling (Table 1-2 and Figure S14). Therefore, while the
Gr-50 hybrid cells show 10% lower initial specific energy compared to graphite cells, the
remaining specific energy after 500 cycles of fast charging is 27% larger in the hybrid cell at
4C and 53% larger at 6C (Table 1-2). This demonstrates that the hybrid anode strategy is

effective in overcoming energy and power density tradeoffs in Li-ion batteries.

3. Conclusion

In summary, we have demonstrated hybrid anodes fabricated by mixing graphite and hard
carbon to achieve fast-charging Li-ion batteries with high energy densities (>180 Wh/kg),
using industrially relevant multi-layer pouch cells (> 1 Ah) and electrode capacity loadings (3
mAh/cm?). By tuning the blend ratio of graphite/hard carbon, it is shown that hybrid anodes

with improved current homogeneity and reduced Li plating during fast charging can be
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achieved, while maintaining sufficiently high energy densities. For a 3 mAh/cm? anode
loading under 4C-6C charging conditions, our analysis indicates that the 50/50 graphite/hard
carbon blend ratio provides the maximum performance within the set of ratios tested. With the
Gr-50 anode, we have demonstrated pouch cells with 87% and 82% specific energy retention
after 500 cycles of 4C and 6C fast-charge cycling, compared to 61% and 48% for cells using
graphite anodes under the same conditions. In addition, while the Gr-50 cells show 10% lower
initial specific energy compared to the graphite cells, the remaining specific energy after 500
cycles of fast charging is 27% larger at 4C and 53% larger at 6C. Therefore, the hybrid anode

design significantly reduces tradeoffs between energy and power density.

Systematic electrochemical analysis was performed to demonstrate the efficacy of the hybrid
anode design. Continuum-scale electrochemical simulations identified the origin of the
enhanced fast-charge performance to be the improved homogeneity in reaction current
distribution throughout the hybrid anode volume. Moreover, synchrotron tomography showed
that while the graphite and hard carbon are uniformly blended throughout the bulk of the
electrode, subtle differences in the local microstructures can be observed, which may further
impact the local current density variation within the electrodes. In the future, detailed
modeling studies will be performed to further decouple the contributing variables to the

improved power performance of the hybrid cells.

Importantly, standard mixing, roll-to-roll slurry casting, and calendaring was performed here
to fabricate the hybrid anodes, demonstrating direct compatibility with existing Li-ion
manufacturing. This is a significant advantage of the hybrid anode approach, as it does not
require developing alternative processing methods or device architectures, which could result

additional manufacturing costs and/or reduce throughput. By overcoming energy and power
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density tradeoffs in Li-ion batteries, the hybrid anode design provides a pathway toward

efficient fast-charging of high-energy-density EV-scale batteries.
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Supporting Information is available from the Wiley Online Library or from the author.
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Scheme 1. Schematic illustration of the energy/power density tradeoff between graphite and
hard carbon. In this study, graphite/hard carbon hybrid anodes are shown to improve current
homogeneity and reduce Li plating during fast charging, while maintaining high energy
densities. Lithiated graphite and hard carbon particles are indicated by gold and blue colors,
respectively.
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Figure 1. Top-down SEM images of the (a) graphite, (b) Gr-75, (c¢) Gr-50, (d) Gr-25, and (e)
hard carbon anodes. Top-down and cross-sectional optical microscope images of the lithiated
(fk) graphite, (g,l) Gr-75, (h,m) Gr-50, (i,n) Gr-25, and (j,0) hard carbon electrodes,
respectively.
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Figure 2. 3-D representations of the segmented tomography data with 32.5 uym x 32.5 pm x
56 um edge length of the (a) graphite, (b) Gr-50, and (c) hard carbon electrodes. The solid
particle phase is represented in grey. Porosity histograms of 100 cubic representative sub-
volumes with an edge length of 56 um of the (d) graphite, (e) Gr-50, and (f) hard carbon
electrodes. The average porosity of all electrode segmentations is ~32%.
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Figure 3. (a-b) Three-clectrode measurements showing the anode potential (V vs. Li/Li") as a
function of state-of-charge for graphite, Gr-75, Gr-50, Gr-25, and hard carbon. (c) Initial
Coulombic efficiency (ICE) vs. graphite content plot of the hybrid anodes in 3-electrode cell
(black) and pouch cell (red) configurations. The ICE of NMC-532 cathode is also labeled in
the plot. The charge/discharge rate was fixed at C/10. (d) Cell capacity plot showing the first-
cycle charge and discharge capacity of the pouch cells.
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Figure 4. Normalized capacity vs. cycle number plots during (a) 4C and (b) 6C fast-charge
cycling. The capacity retention after 100 fast-charge cycles is indicated as a percentage to the
right of the plots. (¢) Summary of the capacity retention (%) after 100 cycles of 4C and 6C
fast charging. Measured capacity vs. cycle number plots during (d) 4C and (e) 6C fast-charge
cycling. (f) Summary of total cell capacity (Ah) after 100 cycles of 4C and 6C fast charging.
The capacity shown here is the 1C discharge capacity after each charge half cycle.
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Graphite Gr-75 Gr-50 Gr-25 Hard carbon

Figure 5. -e) Phtographs of t cycled anodes from pouch cell teardown after 100 cycles
of 4C fast charging. SEM analysis further show the (f-j) top-down and (k-0) cross-sectional

images. Li plating on the graphite and Gr-75 anodes is false-colored in yellow in Figure k and
1.

29



a) Graphite

TR

Separator

N
=3

'
=}

Anode depth (um)

Current collector

=
o

0 30 60 90 120
Time (s)

d) Gr-50 (graphite component) e) Gr-50 (hard carbon component)
0 0,

N
%]

b) Gr-50 hybrid

0 60 120 180

Time (s)

240

300 0

=)

o
©

o
=

WILEY-VCH

c) Hard carbon

200 300
Time (s)

f) Voltage comparison

Local current density (A/cm?)
&

4C fast charging
—— Graphite
— Gr-50

—— Hard carbon

[
o

Anode depth (um)
1
ESN

Anode voltage (V vs. Li/Li")
o
~
T

~
w

o
o
=

1
400

0 60

120
Time (s)

180 240 300 0

60

120 180 100 200

Time (s)
Figure 6. Evolution of the local reaction current density as a function of the position through
the thickness of the (a) graphite, (b) Gr-50, and (c) hard carbon anodes during 4C charging.
The schematic on the left of panel (a) shows the orientation of the anodes in the evolution
plots. The top edge and the bottom edge of each evolution plot correspond to the
anode/separator and anode/current collector interfaces, respectively. (d-e) Evolution of the
local current density contribution by the graphite and hard carbon components in the Gr-50
anode. The maximum magnitude of the reaction current density on the color bar is limited to 6
A/cm?® to enable a better visual comparison among the three anodes (the maximum magnitude
of the reaction current density observed in the graphite anode is 8 A/cm®). Therefore, the dark
red regions in the graphite plot have values between -6 A/cm?® and -8 A/cm?®. (f) Comparison
of the simulated voltage vs. time plots during 4C charging for the three anodes.
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Figure 7. Stack specific energy vs. graphite content during (a) 4C (15-min) and (b) 6C (10-
min) long-term fast-charge cycling. Specific energy before cycling and after 50, 200, and 500
cycles of fast charging is shown for the pouch cells with varying graphite content. Cell
specific energy was measured at C/3 charge/discharge rates periodically throughout the fast-
charging cycling.
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. Initial After 500 Energy
4C fast charging (Wh/kg) | cycles (Wh/kg) | retention (%)
Graphite 202 124 61%

Gr-50 180 157 87%
Improvement (%) -10% +27%

WILEY-VCH

Table 1. Stack specific energy retention and improvement between the graphite and Gr-50
cells during 4C fast-charge cycling.

6C fast charging (\Igflllf;lilg) cycﬁe(r\ég?kg) retilrzie;gly(%)
Graphite 202 97 48%
Gr-50 180 148 82%
Improvement (%) -10% +53%

Table 2. Stack specific energy retention and improvement between the graphite and Gr-50
cells during 6C fast-charge cycling.
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Enabling 6C Fast Charging of Li-ion Batteries with Graphite/Hard Carbon Hybrid
Anodes

Kuan-Hung Chen, Vishwas Goel, Min Ji Namkoong, Markus Wied, Simon Miiller, Vanessa
Wood, Jeff Sakamoto, Katsuyo Thornton, Neil P. Dasgupta*

Hybrid anodes fabricated by mixing graphite and hard carbon are demonstrated to achieve
fast-charging Li-ion batteries with high energy densities, using industrially relevant multi-
layer pouch cells (> 1 Ah). By tuning the blend ratio of graphite/hard carbon, pouch cells with
180 Wh/kg energy density and 87%/82% energy retention after 500 cycles of 4C/6C fast-
charge cycling are achieved.
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