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ABSTRACT

Despite the demand for fast-charging Lithium (Li)-ion batteries, high-energy-density batteries with thick
graphite anodes are limited by Li plating when charging at >4C rates. In this work, plan-view operando
video microscopy is applied on >3 mAh cm calendared graphite electrodes to study the dynamic evolution
of local state-of-charge (SoC) and Li plating during fast charging. This technique allows for visualization
of the spatial heterogeneity in SoC across the electrode, nucleation and growth of Li filaments, Li re-
intercalation into graphite, “dead Li” formation, and SoC equilibration. The operando microscopy analysis
is complimented by ex situ imaging of through-plane gradients in SoC to gain a 3-dimensional visualization
of spatial heterogeneity. We demonstrate that (1) Li plating preferentially nucleates on the graphite particles
that lithiate fastest during fast charging; (2) the onset of Li plating correlates with the local minimum of the
graphite electrode potential; (3) galvanic corrosion currents are responsible for Li re-intercalation, dead Li
formation, and SoC re-equilibration after fast charging; and (4) electrochemical signatures during OCV rest

or discharge are associated with Li re-intercalation into graphite. This work provides insight into the Li-
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graphite interactions at the composite electrode level and can be used to inform strategies to diagnose and

mitigate Li plating during fast charging.
INTRODUCTION

Li-ion batteries (LIBs) have enabled significant advances in portable energy storage, and their demand is
projected to increase greatly due to the growing market for electric vehicles !. The desire to improve energy
density and decrease cost has motivated an increase in the areal capacity of the electrodes (>3 mAh cm™?).
However, as electrode thickness increases, mass transport limitations become increasingly important 2, and

the performance of high-energy-density LIBs becomes limited at high charge rates (<15 minute charge).
During charging, Li ions intercalate into the graphite electrode according to the following reaction:
xLit +xe” + Ce—LiCs with(0<x<1) (Eq. 1)

The reversible potential of lithiated graphite at 0.5 < x <1 is less than 100 mV more positive than the
equilibrium Li/Li* potential 3. This increases the risk of metallic Li plating during fast charging, since the
electrochemical potential of graphite can drop to values more negative than Li/Li*, where Li plating

becomes thermodynamically favorable:
Lit +e >lLi (Eq. 2)

The Li plating reaction is often triggered under fast-charging conditions, which is a consequence of cell
polarization that arises from mass transport limitations, ohmic resistance, and/or charge transfer kinetics 2.
Li plating can cause capacity loss, electrolyte consumption, gas evolution, internal electrical shorting, and

thermal runaway 4.

Although Li plating is regarded as a harmful side reaction in graphite batteries, a fraction of the plated Li
capacity can be recovered. Depending on the cycling protocol, this recovery can occur during the constant
voltage (CV) charge period after constant current (CC) charging, during the discharge half cycle, or

during open circuit voltage (OCV) rest periods 7%179-16, During the recovery process, portions of the
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plated Li can become disconnected (and/or kinetically restricted) from the graphite, resulting in the
formation of “dead Li” 78101271517 Tt has been previously shown that the isolated (inactive) metallic Li
that remains on the graphite surface is a substantial source of irreversible capacity loss during 4C

charging, which can be differentiated from SEI growth using mass spectrometry titration's.

To gain an improved fundamental understanding of these processes, Li plating on graphite has been studied
a wide range of in situ techniques, including acoustic ultrasound '°, nuclear magnetic resonance (NMR)
spectroscopy '27132% neutron diffraction ', electron paramagnetic resonance (EPR) spectroscopy 7, optical
microscopy ®!102122, X-ray diffraction (XRD) and tomography ¢34  and mass spectrometry 3. Moreover,
a variety of analytical electrochemistry methods have been used to detect Li plating, including high-

precision Coulometry 26, three-electrode measurements 27 and differential voltage analysis 272,

After Li plating has occurred during a fast-charge step, a subsequent decrease in the metallic Li signal has
been detected during the OCV rest and discharge steps using in situ NMR '#2°, An analogous decrease in
the Li signal was observed during the CV portion of a 6C charging step via operando synchrotron XRD
16 Additionally, in situ neutron diffraction has been applied at sub-ambient temperatures during OCV
rests after charging *!!'. An increase was observed in the LiC4 phase, along with a corresponding decrease
in LiCy,, which was attributed to the re-intercalation of Li* into graphite from the plated Li. To quantify

the amount of dead Li formed during OCV and discharge, operando EPR spectroscopy was performed 7.

Although fast charging is highly relevant for many applications, it remains challenging to directly capture
the dynamic evolution of Li plating. At room temperature, the nucleation and growth behavior of plated Li
evolves rapidly, and therefore a temporal resolution on the order of seconds is needed to capture these
dynamic changes ®. However, in order to observe the metallic Li signal, it requires more than one minute
to perform a scan using NMR, EPR or XRD 71416, Even when performing synchrotron XRD, the relatively
weak diffraction signal for metallic Li requires for multiple scans to be binned across multiple spatial and

temporal points to reduce the impact of noise 6, and thus reduces the spatial and temporal resolution.
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Alternatively, optical microscopy is capable of probing the dynamics of fast charging at room temperature
with reduced tradeoffs in spatiotemporal resolution. 2-D images can be captured at rates of less than 1
second per frame with a spatial resolution of ~ 1 um. For 3-D focal series reconstructions, which are used
in this work, ~15-20 seconds per frame is achievable without decreasing the spatial resolution and
maintaining a wide field of view. Previous reports of in situ optical microscopy have observed Li plating
after fast charging ®!7 and after extensive charging at low rates 12233, For example, Guo et al.
overcharged graphite at 0.2C and observed Li dendrites at the edge of the electrode '°. Harris et al.
observed sparse Li plating during a CV hold 2. Operando optical microscopy has also been applied to
observe the disappearance of a portion of the plated Li on calendared electrodes ® and on individual

highly oriented pyrolytic graphite (HOPG) particles !7.

Despite the progress in in situ/operando analysis of Li plating on graphite, there have been a limited number
of reports that synchronize the morphological evolution of the system with its voltage response 79111617,
Such time-resolved studies allow for a detailed mechanistic understanding of the electrochemical signatures
associated with the interactions between plated Li and graphite. Furthermore, for the analysis to be relevant
for practical batteries, it is important to use graphite electrodes with relevant thickness and porosity.
Additionally, in order to avoid artefacts from current focusing (such preferential nucleation of Li plating at
the edge of the electrode), the current distribution across the in situ electrode should be uniform.
Accordingly, we have recently introduced a new operando platform for plan-view optical microscopy that
allows for a highly uniform electric field distribution across cm-scale electrodes, and also integrates a Li

metal reference electrode for 3-electrode measurement capabilities 34.

In this study, operando video microscopy was performed to directly observe Li plating and re-intercalation
on graphite anodes with commercially-relevant mass loading (>3 mAh cm2) under fast charge conditions
(4C and 6C). The dynamic evolution of Li plating on the graphite electrode surface is correlated with the
voltage profile during charging, as well as during subsequent OCV rest and discharge steps. Quantitative

image analysis was performed to capture the simultaneous changes in the morphology of Li and the SoC of
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graphite. Ex situ cross-sectional microscopy was performed to further study the re-distribution of Li-ions
through the thickness of the graphite electrode, and to develop a three-dimensional understanding of
changes occurring throughout the electrode volume. The voltage signatures associated with dead Li

formation in the visualization cell were confirmed in pouch cells using the same electrode configurations.

The results of this study demonstrate: (1) the spatial heterogeneity of local SoC among individual graphite
particles during fast charging; 2) how these spatial variations in graphite lithiation rate correlate with the
nucleation of metallic Li; 3) the relationship between the Li plating/re-intercalation process and the
corresponding voltage profile of the graphite working electrode; 4) dead Li formation on the graphite
electrode during OCV and discharge; and 5) the re-equilibration of SoC throughout the electrode thickness
during OCV rest. These findings provide a mechanistic understanding of the interactions between Li and
graphite at the composite electrode level, which can be used to diagnose and mitigate Li plating during fast

charging.

Visualization Approach

A three-clectrode plan-view visualization cell was implemented to perform operando video microscopy
experiments (Fig. 1a). The modified cell design is based on our previous reports of plan-view operando
microscopy of Li metal anodes 3*33. This platform allows for imaging of electrode surfaces over large areas
without current focusing due to electric field gradients **. In contrast, if operando optical microscopy is
performed with the counter electrode placed adjacent to the working electrode, large in-plane gradients in
current density and SoC can develop 1934, Compared to a cross-sectional perspective, a top-down view of
the electrode provides a larger area of visual access to the working electrode (WE). This allows for
visualization of the spatial heterogeneity in lithiation of graphite and Li plating across the surface.
Furthermore, for all microscopy images presented in this work, 3-D focal series reconstructions are applied
such that the graphite surface and the plated Li remain in focus throughout the cycling (further details in

Methods section) .
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To deconvolute the potential of the WE from the overpotential of the Li counter electrode (CE) and the IR
drop across the electrolyte, a Li metal reference electrode (RE) is located at the side of the WE. During the
experiments, galvanostatic cycling was performed between the WE and CE. The WE potential was
measured and time-synchronized with the video recording from an optical microscope. The uniformity of
the current distribution along the WE surface was verified by continuum scale modeling of the visualization
cell (further details in the Supporting Information) 3¢%7. Fig. 1a shows the simulated current density
distribution across the WE during 6C charging. The current density varied by less than +4% across the

entire electrode.

The uniform current distribution was confirmed experimentally by observing the evolution of the WE
surface throughout the experiment. During slow (C/10) charging, the graphite changed color uniformly
across the entire surface. The as-assembled gray electrode (Fig. 1b), as well as the lithiated blue (Fig. 1¢)
and gold phases (Fig. 1d), are shown in Fig. 1. During fast charging, Li plating occurred uniformly across
the graphite working electrode. Fig. 1e shows the graphite electrode covered by a uniform layer of metallic

Li after 6C charging.
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Figure 1. a) Schematic of the three-electrode operando visualization cell. The simulated current
streamlines and the current density profile across the WE are shown (further details in Supporting
Information). The streamlines visualize the direction of the current. The magnitude of the current
density is shown in the Supporting Information. b-d) Images of the working electrode during C/10
charging. The homogeneous color across the electrode demonstrates the uniform current distribution
of the visualization cell. ) Image of the WE after 6C charging to 85 mAh g, starting from E,,, = 0.4 V

vs Li/Li*. Li plating occurs uniformly across the electrode surface.

RESULTS
1. Color change of graphite during slow (C/10) charging

Using the visualization cell platform, C/10 charging of the graphite electrode was first performed (Video 1
and Fig. 2). The voltage profile was time-synchronized with the color change of graphite (Fig. 2a). The
color evolution of the electrode (Fig. 2¢c-h) agrees with previous reports, where the color of graphite changes
from gray (unlithiated graphite) to blue (LiCyg), red (LiCi,) and gold (LiCy) in sequence, as the SoC
increases 322339, X.ray diffraction (XRD) analysis was performed correlate the color of graphite with the

associated lithiation stage (Fig. S1). The color difference between each lithiation stage is caused by a shift
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in the plasma frequency with increasing intercalant concentration %41, A larger field of view can be found

in the Supporting Information (Fig. S2).

The color profile can be quantified by the average RGB index across each frame. To decouple the change
in color from the change in brightness, the RGB indices are normalized as described in Eq. 3 for the

example of red (further details in Supporting Information):

R% #(Eq.3)

“R+G+B

where R, G and B are the average R, G and B index of a frame, respectively, and R% is the normalized R.

Fig. 2b shows the three normalized color curves as a function of specific capacity and SoC.
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Figure 2 a) Voltage profile of the graphite WE. 100% SoC is defined as the capacity at which the
C/10 discharge voltage reaches V = 20 mV. b) The normalized RGB indices of the field of view
during C/10 lithiation. ¢) — h) Operando color evolution of the WE during C/10 lithiation. The color

of graphite transitions from gray to blue, red, and gold as the SoC of graphite increases.
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2. Operando visualization of Li plating during 6C charging
As shown in Video 2 and Fig. 3, Operando video microscopy was performed on a graphite WE during 6C
galvanostatic charging. Individual graphite particles (with an average diameter of 8um) can be clearly
resolved in these operando images. The WE potential was 0.4 V vs Li/Li* before charging (Fig. 3a, b).
Constant current (CC) charging was performed until a specific charge of 85 mAh g-!'. Throughout this paper,
specific charge is calculated using the mass of graphite in the electrode. It can be noted that the potential of
the graphite WE dropped below OV vs. the Li/Li* RE at a time of t = 8.55 (4.3 mAh g!) after the initiation
of charging. Furthermore, the potential continued to drop until t = 104s (52 mAh g') as the color of the

graphite evolved from gray to blue and then to gold (Fig. 3b-e).

Unlike the homogeneous C/10 lithiation shown in Fig. 2, spatial heterogeneity was observed across the
graphite surface during 6C charging. In Fig. 3d, after 63 s (32 mAh g), distinct blue (LiC3), red (LiC),)
and gold (LiCq) regions can all be observed on the electrode surface. This demonstrates that individual
particles lithiate at different rates, which could be caused by differences in crystallographic orientation,
morphology, interfacial resistance, and size 4**. As will be described below, the in-plane spatial

heterogeneity of charging rates between particles impacts the subsequent nucleation of Li metal plating.
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Figure 3 a) Voltage profile of the graphite WE during 6C charging; b) — g) Still frames of the WE
during 6C charging. Plated Li is circled in f). The time and the voltage of graphite at each frame is
labeled in a); h) Schematics showing the current pathways for lithiation and Li plating during fast

charging.
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The anode potential (vs. the Li/Li* reference) reached a minimum at 104s (52 mAh g!), and Li nucleation
was observed in the first frame after this voltage minimum (Fig. 3f). The voltage minimum during fast
charging has been attributed to the onset of Li plating '7-?!. As a visual aid, various plated Li deposits are
highlighted with circles in Fig. 3f. The individual Li deposits continue to grow during the remainder of the
6C charge (Fig. 3g). The Li plating process can be more clearly observed in Video 2. The evolution of the
mossy Li morphology observed is consistent with our previous studies of Li metal anodes 4. The process
of Li plating on graphite during fast charging is summarized in Fig. 3h. Over a larger field of view, the
heterogeneous nature of graphite lithiation can be observed across the electrode surface, and the nucleation

density of Li along the surface is consistent with Fig. 3 (Supporting Information Fig. S3).

The plated Li was observed to preferentially nucleate on the particles that exhibited the fastest increase in
surface Li* concentration. Fig. 4 provides a comparison of the same location on the electrode surface after
63 s (32 mAh g') and after 126 s (64 mAh g!) of charging. Similar to Fig. 3d, in Fig. 4a we observe that
after 63 s (32 mAh g') charging, some of the particles turned gold, while others exhibited the red or blue
phases. The dotted white curves outline the location of plated Li after 126 s (64 mAh g”!, Fig. 4b). The
nucleation locations for Li deposits correlate well with the particles that turned gold first during fast
charging. We note that while not all of the gold areas in Fig. 4a are covered by plated Li after 126 s-

64 mAh/g charging, there is a clear statistical preference for nucleation at these “hot spots”.
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63s of 6C charging 126s of 6C charging
32mAh g

Figure 4 a) Graphite electrode after 63 s (32 mAh g!) charging at 6C; and b) The same area of
electrode after 126 s (64 mAh g') charging at 6C. To provide a visual aid, plated Li is manually
labeled with white dashed lines in b). The dashed lines are shown in the same locations in a) to show

that some of the particles that turned gold first served as nucleation sites for Li plating.

The heterogenous SoC distribution during charging results from variations in the local rate of lithiation
among the particles (Fig. 3h). Previous studies have shown that particles with graphene planes oriented
along the normal vector to the surface lithiate faster *#4. A low solid-state diffusivity and larger particle
size can also lead to surface saturation before the particle is fully filled with Li* '7. These variables will
impact the flux balance between rate of insertion (surface kinetics) and the rate of solid-state diffusion away
from the surface within individual particles, which will determine the surface concentration of Li" as a

function of time.

The rate of lithiation for individual particles may vary with time throughout the charging process, where
particles that initially lithiate fastest slow down as their surface concentration approaches saturation. This
can cause a transition in reaction pathways wherein the constant flux of Li* ions provided to the anode
surface is either re-directed to other particles that have not yet reached a saturation in surface concentration,

or lithium plating initiates (Fig. 3h). Under galvanostatic conditions, the total current associated with these
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reaction pathways must sum to the applied current. The fractional distribution of current between these
reaction pathways will be determined by the time-variant impedance of each pathway, analogous to the
nucleation and growth behavior in Li metal anodes 4. Before the onset of Li plating, the applied current
(Ipp) 1s associated with the intercalation of Li+ into graphite. After Li plating occurs, new current pathways
for Li nucleation (I,,.) and growth (Ij.) are developed, and thus the current for Li+ intercalation into
graphite (Iiy) is less than the total applied current (I,,,). As a result of irreversible Li plating, the average Li
content in the graphite was measured to be lower after fast charging than after slow charging using XRD

(Fig. S4).

As the experimental results in Fig. 3 demonstrate, the particles associated with the lowest initial impedance
for lithiation (those that turn gold first) are also associated with the lowest impedance for nucleation.
Therefore, Li plating nucleates on these particles, even after adjacent particles have experienced an increase
in their surface Li" concentration. Evidence for this behavior can be seen in the transition from Fig. 3e to
Fig. 3f, where most of the particles have transitioned to a gold color, but nucleation of Li plating occurs on
the subset of particles that turned gold first (Fig. 4a). We note that because of the relatively wide SoC
window associated with the gold color (Fig. 2b), adjacent particles with a similar gold color can still be at
a different SoC. In the future, modeling efforts to decouple these individual reaction pathways will be

valuable to elucidate the mechanistic origins of the observed differences in reaction rates.

3. Operando visualization of OCYV rest after Li plating

After charging, the graphite electrode shown in Fig. 3 was subsequently held at OCV for 1 hour. The OCV
rest and the following C/5 discharge periods are shown in Fig. 5 and Video 3. During the first 69s of OCV
rest, the plated Li shrank in size (Fig. Sb-c). A portion of the Li deposits also changed color from a metallic
gray luster to black. These morphological changes can be more clearly visualized in Video 3. We have

previously reported similar darkening of electroplated Li when stripping from mossy dendrites deposited
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on Li metal anodes 3*446  Specifically, as Lit+ ions are stripped from the plated Li, the associated
volumetric contraction results in mechanical detachment (and/or electrical isolation) of the remaining
metallic Li, which is encapsulated in an insulating SEI layer. This surface SEI layer on the remaining dead
Li experiences roughening as the volume decreases, reducing the reflectance of the surface (Fig. S5 in the
Supporting Information). As discussed below, the volumetric contraction provides evidence for the re-
intercalation of the plated Li into graphite during the OCV hold, which is consistent with previous studies

using NMR and EPR 7:14.20,
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Figure 5 a) Voltage profile of the graphite WE during OCV rest and C/5 discharge; b-g) Still frames
of the WE during OCV rest and C/5 discharge until 0.4 V vs. Li/Li*. The time for each frame is
shown in panel a; h) Schematics showing the ionic and electronic pathways for Li re-intercalation and

“dead Li” formation during OCV rest.
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Although it is known that metallic Li reacts with the electrolyte to form an SEI layer on the plated Li
surface #’, these electrolyte decomposition reactions alone will not cause the observed shrinkage of Li. To
deconvolute the effects of SEI formation from Li re-intercalation, visualization experiments were
performed on another electrode that was subjected to overcharge conditions. This electrode was fully
lithiated to 20 mV vs Li/Li* at C/10 (349 mAh g") before being charged at 6C for an overcharge of
26.6 mAh g!'. Under these conditions, there is no pathway for Li re-intercalation into the fully lithiated

graphite.

As shown in Fig. S6 (Supporting Information), during the 8 min OCV rest after overlithiation, no
observable volume reduction or color change of the plated Li occurred. After the OCV rest, a C/5 discharge
current was applied, and concurrent dead Li formation was observed. These results demonstrate that SEI
formation alone, which occurs during the 8 min OCV rest after overlithiation, does not cause the decrease
in volume or change in color observed in Fig. 5Sb-c; instead, the volumetric contraction and associated dead

Li formation primarily results from the re-intercalation of plated Li into graphite.

For the electrode that was not overcharged (Fig. 5), the re-intercalation process (and associated dead Li
formation) during the OCV step occurred as the voltage increased between points b and ¢ in Fig. 5a. The
morphology of the remaining Li did not change significantly throughout the remainder of the 1 hr OCV rest
or the subsequent C/5 discharge (Fig. Sd-g). This shows that the remaining inactive Li on the surface was

dead Li that was electrically and/or electrochemically isolated.

The color of the graphite surface changed during OCV rest, reflecting a local decrease in the SoC of the
graphite particles on the surface. At the beginning of the OCV rest, the graphite surface exhibited the golden
color associated with LiCg (Fig. Sb). During the formation of dead Li, the color of graphite changed to
orange, which illustrates that the LiCq4 transitioned towards the LiC;, phase as the SoC equilibrates within

individual particles and throughout the thickness of the electrode (Fig. Sc).
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As we will demonstrate in Section 4, the re-intercalation of plated Li and the reduction in SoC of the
graphite at the surface are mainly driven by galvanic corrosion processes. The schematic in Fig. Sh
illustrates the concurrent Li-ion and electron fluxes in the system. At the beginning of the OCV rest, the
plated Li is electrically connected to the graphite electrode. The gold graphite particles at the electrode top
surface are at higher SoC, while particles near the current collector are at lower SoC, which is primarily
attributed to mass transport limitations during fast charge 3. During the OCV rest, oxidation occurs at both
the plated Li and the graphite particles at the top of the electrode. At the same time, reduction occurs at the
graphite particles at lower SoC. In addition, Li* concentration gradients can also relax within the electrolyte,
which will affect the local electrolyte potential as a function of depth within the electrode. Electrons pass
through the plated Li and graphite particles to maintain charge neutrality. These observations are consistent
with the predictions of a previous modeling study of Li re-intercalation into graphite after fast charging 3.
In Section 4, ex situ cross-sectional imaging will be presented to provide further evidence of this galvanic

corrosion mechanism.

The graphite surface continued to change in color after the formation of dead Li. The majority of the
graphite particles evolved in color from orange to red (LiC;;), and then to blue (LiC;g) at the end of the
OCYV rest (Fig. 5d-f). These phase transitions are attributed to re-equilibration of the electrochemical
potential throughout the thickness of the graphite electrode (Fig. Sh). During the subsequent C/5 discharge,
the graphite color continued to evolve. The particles eventually returned to the initial gray color of graphite
at the end of the discharge step (Fig. 5g). A larger field of view for the OCV rest and the subsequent

discharge step can be found in Fig. S7 in the Supporting Information.

One variable that will influence the extent of Li plating and subsequent re-intercalation is the amount of
charge passed during fast charging. Therefore, to study the influence of depth of charge on the dynamic
evolution of the plated Li/graphite system, an additional visualization experiment was performed. Similar
to cell A (which was described in Fig. 3-5), the new cell (cell B) was also fast charged at 6C and then rested

at OCV. However, the total charge capacity was 85 mAh g! in cell A, while the charge capacity of cell B
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was 121 mAh g'!. Detailed operando imaging of cell B is provided in Supporting Information Fig. S8.
Because these cells were both fast charged at the same 6C rate, the initiation of Li plating occurred at
approximately the same time (105 s in A and 90 s in B). Therefore, cell B experienced significantly more

Li plating at the end of the charge step, since Li metal continued to plate for a longer duration in cell B.
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Figure 6 a) Voltage profiles of graphite during a 10 min OCV rest period for two cells that were
charged with the following conditions: after 6C charging until a capacity of 85 mAh g!' (cell A) and
after 6C charging until a capacity of 121 mAh g (cell B); b) dV/dt curves associated with the two
voltage profiles. The peaks are labeled with dashed lines in panels a and b; ¢) local optical images of
the graphite surfaces at different points in time during the OCV rest; d) Blue% of graphite during the

extended 50 min OCV rest period.
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Fig. 6a shows the voltage traces of the two graphite WEs during the first 10min of the OCV rest. For both
cells, Li shrinkage was observed via operando microscopy during the initial rise of the electrode potential.
As dead Li formed, a deflection in the voltage profile was observed. To further quantify this electrochemical
signature, differential voltage analysis was performed (Fig. 6b) 3%%2. The local maxima, which can be
observed as peaks in the differential voltage plot, correlate to the points with the steepest slopes in the
voltage profile. The dV/dt peaks of the two cells occurred at 69 s and 150 s of OCV rest, respectively. The
locations of the maxima are labeled by dashed lines in Fig. 6a-b. In contrast, during the OCV rest after
C/10 charging (where no Li plating occurred), a deflection was not observed in the voltage profile, and no

peak was observed in the dV/dt profile (Fig. S9).

For both cells, the majority of the plated Li stopped changing in morphology before the electrode voltage
reached steady-state (Fig. 5, S7-8). This demonstrates that dead Li formation occurs during the time period
when the voltage is rising, which can be highlighted in the differential voltage curve (Fig. 6a-b). The dV/dt
peak occurs later in the OCV profile for cell B, which indicates that the time required for re-intercalation
increases as a result of the larger volume of Li plated (Fig. 6¢). This is also consistent with the operando
microscopy results, where dead Li formation occurred after a longer period of time in cell B (Video 4).
Comparing the surface coverage of dead Li between the two cells at the end of the OCV rest (Fig. S8h and
Fig. 5¢g), a larger amount of dead Li is present in cell B, indicating that the volume of residual dead Li
increases as the volume of plated Li increases. The correlation between the amount of the plated Li and the

resulting amount of dead Li has also been observed in operando video microscopy of Li metal anodes 3.

During the 50 min period of OCV rest, a portion of the graphite surface was not covered by plated Li and
remained visible (Fig. 6¢). This allowed for the local variations in the color of the graphite surface to be
tracked in these exposed regions. At the beginning of the OCV rest periods, the surfaces of graphite were
gold for both cells. Although for both cells, the dead Li was fully formed within the first 4 min of OCV
rest, the color of graphite did not reach equilibrium until an extended rest period. After 10 min of OCV rest,

the graphite area for cell A changed in color to red, and the graphite area for cell B changed in color to
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orange/gold. This indicates that the local SoC of the surface decreased for both cells, but remained higher
in cell B. The local SoC of the surface continued to decrease in both cells before reaching a stable color
profile after 20-30 min OCV rest. After 50 min of OCV rest, the exposed graphite area for cell A was mostly
blue (associated with the LiC,s phase), while cell B was a mixture of blue and red (associated with the LiC,
phase). For both cells, the morphology of the plated Li did not change throughout the C/5 discharge,

confirming that all of the remaining Li on the electrode surface was dead Li (Fig. 5g, S5-6).

The difference in color at the end of the OCV rest between cell A and cell B indicates that the equilibrium
SoC of graphite was larger in cell B than in cell A. This was further confirmed by the fact that the
subsequent discharge capacity was larger in cell B (Fig. S7-8). The discharge capacity of cell A was
76 mAh g'! and the discharge capacity for cell B was 97 mAh g!. However, the difference in discharge
capacity (21 mAh g') was less than the difference in charge capacity (36 mAh g!) between the cells,
indicating that a larger loss in Li inventory occurred for the cell that was fast charged for a longer time.
This is also consistent with the observation of a larger volume of residual dead Li in cell B than cell A,
indicating that Dead Li formation is a significant contribution to Coulombic inefficiency during fast

charging.

4. Cross-sectional visualization of OCYV rest after Li plating

To study the through-plane re-equilibration of Li* into the depth of the graphite electrode during OCV rest,
ex situ cross-sectional imaging was performed on five Li metal-graphite coin cells. Before the OCV rests,
the five cells were all galvanostatically charged at 6C until a charge capacity of 200 mAh g!. The cells
were then subjected to OCV rest periods of 0 min (Fig 7.b), 9 min (Fig 7.c), 12 min (Fig 7.d), 24 min
(Fig 7.e) and 36 min (Fig 7.f), respectively. After the OCV rests, the cells were immediately disassembled
in an Ar glovebox, and the electrodes were rinsed with dimethyl carbonate (DMC) to remove excess
electrolyte. Further details on the disassembly process are provided in the Method section. Cross-sectional
optical microscopy images were captured to study the impact of OCV rest time on the through-plane SoC

gradient.
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Figure 7 a) Voltage profile of the Li-graphite coin cell during a 50min OCV rest period; and b-f)
postmortem cross-sectional images of 5 coin cells after different durations of OCV rest, as indicated

in the voltage profile in panel a.

Similar to the operando cells, the voltage profiles of the coin cells exhibited distinct voltage features that
correspond to the re-intercalation of plated Li (Fig. 6a and 7a). The voltage increased during the OCV rest

and a deflection was observed before the voltage reached equilibrium.

For the electrode that was disassembled immediately after 6C charging, plated Li was only observed at the
top surface (Fig. 7b). Owing to the stack pressure of the coin cell, the plated Li is more compact than the
mossy structures observed in the visualization cell, which arises from viscoplastic deformation of Li metal
against the polymer separator during plating 4. Traversing from the top surface of the electrode to the
bottom surface, a gradient can be observed in the color of the electrode from gold (LiCg) to red (LiCyy),
blue (LiC,g), and then gray (C). The observation of the LiCq phase toward the top of the electrode indicates

that the local SoC near the top is significantly higher than the total charge capacity of 200 mAh g!. This
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indicates that the local C rate near the top surface was much higher than 6C, which is attributed to current
focusing effects 3%37. These results are also consistent with our plan-view operando observations that the
top surface of the graphite electrode was gold (LiCs) when Li plating occurred (Fig. 3f). The variation in
local SoC throughout the thickness of the electrode has also been observed in operando synchrotron XRD
experiments ', The gradients in SoC within the thick graphite electrodes used in this study arise from

coupled thermodynamic, mass transport, and kinetic phenomena during fast charging 3¢-7.

After 9 min of OCV rest, the thickness of the Li layer reduced from 15.2 pm (Fig. 7b) to 4.1 um (Fig. 7c).
This is caused by the re-intercalation of plated Li during OCV rest, as shown in the operando results above
(Fig. 5-6). The thickness of the plated Li did not change significantly between the four cells with 9 min to
36 min OCV rests (Fig. 7¢-f), indicating that only dead Li remained on the surface after 9 min of OCV rest.
The voltage deflection occurred prior to disassembling the cell in Fig. 7d. This is consistent with the

observation in the operando cell, where dead Li formation was associated with voltage deflection.

Besides the reduction in the thickness of the Li layer, color change of graphite also occurred in the first
9 min of OCV rest. The particles near the top surface of the electrode changed color from gold (LiCg) to
red (LiC;,). The phase boundary between blue (LiCig) and gray (C) particles also propagated towards the
bottom of the electrode. These observations demonstrate that Li ions from the plated Li and the high SoC
graphite particles at the top of the electrode equilibrate with the low SoC graphite particles near the bottom

during the OCV rest period.

During 12-36min of OCV rest, as the graphite particles are going through the re-equilibration process, the
particles near the top surface continued to decrease in SoC (Fig. 7d-f). Because of this decrease, during the
period from 9 min to 12 min of the OCV rest, the phase boundary between the red (LiC,,) and blue (LiC;g)

particles propagated towards the top of the electrode.

Combining the plan-view and cross-sectional observations, the Li re-intercalation and the graphite SoC re-

equilibration during OCV rest can be rationalized, as was described schematically in Fig. Sh. Immediately
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after fast charging, because of current focusing towards the top of the electrode, graphite particles at the
electrode-separator interface are at a higher local SoC than within the electrode bulk 3%37. The graphite
particles and the plated Li are all in electrical contact. Owing to the differences in the local electrochemical
potential among the graphite particles at different phases, as well as between graphite and Li, there exists a
driving force for galvanic corrosion currents throughout the electrode. At the same time, diffusion of the

Li* in the electrolyte relaxes the concentration gradients that had formed in the electrolyte.

Local oxidation and subsequent Li-ion dissolution into the electrolyte occur at the surface of both the plated
Li and graphite particles with higher SoCs, which results in stripping of metallic Li and a decrease in the
local SoC of graphite #®. A concurrent reduction reaction must also occur, which manifests as Li-ion
intercalation into graphite particles deeper within the electrode bulk that are initially at a lower SoC.
Electrons are transported via conduction through the solid-solid contact points within the electrode, which

maintains charge neutrality of the system.

Solid-state diffusion of Li-ions through the depth of the electrode could also occur, but at room temperature
and atmospheric pressure, the rate of such processes are much slower than the galvanic corrosion
process 430, To prove that solid state diffusion alone cannot cause the re-equilibration phenomena observed
in Fig. 7, a coin cell was disassembled and rinsed immediately after fast charging. Cross sectional images
were captured 20 min after disassembly and 110min after disassembly (Fig. S10). No significant color
change of graphite or volume reduction of Li was observed, proving that the galvanic corrosion current is

the main driving force for Li re-intercalation and graphite SoC re-equilibration during OCV rest.

These observations are consistent with the process schematic shown in Fig. Sh. During the re-intercalation
of plated Li, volumetric contraction caused portions of the metallic Li to become disconnected (and/or
kinetically restricted) from the graphite, forming dead Li. Although the dead Li was no longer active in the
electrochemical reaction, a driving force still existed for re-equilibration of graphite particles at different
local SoC. Therefore, after dead Li formation, the SoC of particles near the electrode-separator interface

continued to decrease, while the SoC for the particles in the bulk electrode continued to increase. After
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extended OCV rest, the system approached equilibrium as most of the graphite particles reached the same

potential.

5. Operando visualization of discharge after Li plating

To study the impact of immediate discharge on Li re-intercalation, another operando experiment was
performed (Fig. 8). Cell C followed the same charging protocol as cell A (Fig. 3-5) where it was charged
at 6C until a capacity of 85 mAh g, but then cell C was immediately discharged at a C/5 rate without an

OCYV rest period.
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Figure 8 a) Voltage profile of graphite during C/5 discharge after 6C charging until a capacity of
85 mAh g'; b) dV/dt curve of the voltage profile; ¢-g) Still frames of the WE during discharge until
0.4 V vs. Li/Li". The time for frame c-e is shown in panel a and b; h) Schematics showing the ionic

and electronic pathways for Li re-intercalation and graphite SoC re-equilibration during discharge.

The voltage profile during the first 10 min of the C/5 discharge of cell C is shown in Fig. 8a. Similar to the
cells that were rested at OCV (Fig. 5-6), dead Li formed during the voltage deflection at the beginning of

discharge (Fig. 8 c-d). This voltage deflection corresponds to the initial peak in the dV/dt profile (Fig. 8b).
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The morphology of the dead Li remained unchanged throughout the subsequent discharge. The color of the
graphite evolved from gold (LiCy) to red (LiC,,) and blue (LiC;g), and it finally turned gray (C) at the end
of discharge (Fig. 8d-g). The extended voltage profile of cell C throughout the entire discharge process can

be found in the Supporting Information (Fig. S11).

The second peak in the dV/dt plot is therefore attributed to the phase transitions of graphite during discharge.

In addition to the re-intercalation of plated Li, transitions between the graphite stages can also lead to
deflections in the voltage profile 3!. Double peaks in the dV/dt plot following fast charging have also been
observed in a previous study ¥, and will depend on the SoC distribution in graphite after fast charging and

the C-rate of discharge.

The concurrent reaction pathways that occur during discharge are shown schematically in Fig. 8h. The total
discharge current determines the require flux of Li ions from the WE to the counter electrode (corresponding
to current denoted by liseng), Which must be supplied by the net sum of the corresponding oxidation reactions
from the WE. Immediately upon discharge, this flux can be supplied by both the Li metal (corresponding
to Isip) and the graphite particles with a high local SoC (corresponding to I4e.in;). Concurrently, there is a
driving force for re-equilibration of the SoC of graphite, which is driven by the SoC gradient that formed
during fast charging, and will also be affected by concentration gradients in the electrolyte. This results in
an intercalation current at the graphite particles in the bulk of the electrode (I;,). In order to conserve charge,

the total oxidation and reduction currents must balance according to the following equation:
Idischg + e = Istrip + lge — inc#(4)

The distribution of fluxes throughout the electrode volume has been described in previous modeling
studies *%. Later in the discharge step, only dead Li remains on the surface, and therefore Iisne must be

supplied completely by I until the graphite has been fully discharged (Fig. 8i).

6. Li plating in pouch cells
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In order to study the voltage signature of Li re-intercalation in conventional cell formats, pouch cells were
fabricated. Three graphite-NMC pouch cells were charged using a constant current-constant voltage (CC-
CV) protocol at a 6C rate until 4.2 V, with a C/10 cutoff current during the CV step. After the charging half
cycle, the cells were then rested at OCV for Omin, 5 min and 30 min, respectively. After the OCV period,

they were discharged at a C/2 rate until 3 V.

Fig. 9a shows the voltage profiles of the cells during the first 20min after the charging step. Similar to the
operando cells, deflections in the voltage profile were observed for the three cells, which occurred during
OCYV or during discharge, depending on the length of the rest period. The deflection feature is further
identified by the peak in the dV/dt profiles (Fig. 9b). As observed in the operando cells and the coin cells,
this voltage feature is related to dead Li formation, which was confirmed with post-mortem optical imaging

of the three cells (Fig. S13 in the Supporting Information).

To verify that the voltage plateau and the peak in the dV/dt curve is associated with Li plating, another
NMC-graphite pouch cell was charged at a C/2 rate before undergoing OCV rests and discharge (Fig. S12
in the Supporting Information). No Li re-intercalation signatures were observed during the OCV or

discharge steps.
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Figure 9 a) Voltage profiles of three pouch cells during the first 10min of OCV/discharge after 6C
charging; b) dV/dt analysis shows a peak that is similar to what is observed in the visualization cells

and coin cells. The local minima in the dV/dt profiles are labeled with dashed lines in panel a and b.

After fast charging, the application of a discharge current reduces the time required to fully form dead Li.
The peaks of the dV/dt curves occurred at different times, namely, 8.3 min, 9.7 min, and 14.4 min after
charging for the cell with 0 min, 5 min and 30 min OCV rest periods, respectively. However, despite the
differences in the time required for dead Li formation, the three cells had very similar discharge capacity
and Coulombic efficiency (Table S1 in the Supporting Information). The consistency in these values
suggest that the extent of Li inventory loss from dead Li and SEI formation in the three cells is not strongly
influenced by the OCV rest time. It also highlights that when comparing experiments with different
discharge protocols, the relative amount of charge passed before the dV/dt peak (which differs among these

cells) should not be used as a proxy for the amount of dead Li formed.

CONCLUSION
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In this work, three-electrode operando video microscopy was performed on calendared graphite electrodes
to gain insights into the dynamic evolution of Li plating and re-intercalation under fast charging conditions.

Specifically, several key understandings were developed:

(1) Individual graphite particles within the electrode lithiate at different rates, and the relative rate

of lithiation influences the location of Li metal nucleation

During fast charging, spatial heterogeneity in the local SoC of individual graphite particles was observed.
In particular, the rate of lithiation varied among particles. The particles that exhibited the gold color

associated with the LiC4 phase fastest served as the nucleation sites for Li plating.

(2) The onset of Li plating correlates with the local minimum of the graphite electrode potential.

A three-electrode configuration within the operando microscopy cell was employed to decouple the
graphite WE potential from the full cell potential. Analogous to nucleation behavior in Li metal anodes, the
potential of the graphite WE first dropped below 0V vs. Li/Li*, and the onset of plating was first observed

after the graphite potential passed through a local minimum during fast charging.

(3) Galvanic corrosion currents are the main driving force for dead Li formation, Li re-intercalation,

and graphite SoC re-equilibration

Immediately after fast-charging, the size of plated Li deposits decreased until dead Li formed. This process
is associated with Li re-intercalation, which does not occur under over-charging conditions. Therefore, the
driving force for re-intercalation is a galvanic corrosion reaction, which is driven by the difference in
electrochemical potential between plated Li and graphite. Post-mortem cross-sectional analysis showed
that local SoC gradients throughout the electrode thickness relax during OCV when in contact with the
electrolyte, but the local SoC gradients are retained if the electrode is removed from the electrolyte. This
demonstrates that galvanic corrosion reactions between graphite particles are responsible for the re-

equilibration in SoC throughout the electrode thickness.
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(4) Electrochemical signatures during OCYV rest or discharge are associated with dead Li formation

After fast charging, operando analysis was performed with either an OCV rest or an immediate discharge
step. In all cases, a deflection in the voltage curve was observed, which correlated in time with the
formation of Dead Li. Finally, the Coulombic efficiency of pouch cells was compared to the associated
voltage profiles during fast charging. The results suggest that although the application of a discharge current
reduces the time required for dead Li formation, the reversibility of plated Li is not strongly influenced by

the rate of dead Li formation.

(6) Future impact

This work provides new insight into Li plating dynamics during on graphite during fast charging, as well
as the interactions between the plated Li and graphite during OCV rest and discharge steps. The
fundamental understanding in this work can be leveraged to inform novel strategies for battery material
design for fast-charge applications. For example, the heterogeneity in local SoC among different graphite
particles will be influenced by differences in solid-state diffusivity, size, and surface kinetics. Therefore,
strategies to minimize variations in these properties among different particles within the electrode will
suppress local current focusing, and thus reduce the driving force for Li nucleation. Additionally, because
Li nucleation occurs at the local minimum of graphite potential (below 0 V vs. Li/Li"), strategies to adjust
the nucleation overpotential or control the charging protocol in a careful manner could allow for fast
charging with the anode at potentials below 0 V. Finally, as shown here, galvanic corrosion currents dictate
dead Li formation, re-intercalation dynamics, and re-equilibration of local SoC throughout the graphite
thickness. Therefore, strategies to modify this corrosion behavior (such as advanced electrolyte design)
could be leveraged to control the dynamics and relative fluxes of different reaction pathways along the

electrode surface in a manner that maximizes reversibility.

METHODS

Cell fabrication
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Battery-grade graphite (SLC1506T, Superior Graphite) was used as the active anode material in this work.
Anodes were prepared using a pilot-scale processing facility at the University of Michigan Battery Lab.
The prepared graphite anode is composed of 94% active material, 1% C65 conductive additive, and 5%
CMC/SBR binder. An areal mass loading of 9.4 mg cm (3.2 mAh cm™ capacity loading) was controlled
with a calendered porosity of ~30%. 75 um thick Li metal foil (Alfa Aesar) was used to prepare the CE and
RE for the visualization cell. Prior to cell assembly, the two surfaces of the Li foil were scraped to remove
the native surface layers. 1M LiPF6 in 3:7 (w) EC:EMC electrolyte (Soulbrain) was used for all experiments
in this work. 25 um thick PP/PE/PP separator was used for the CR2032 coin cells. 12 pm thick PP/PE/PP
separator was used for the pouch cells. For the pouch cells, LiNiysMny3Co,,02 (battery grade, NMC-532,
Toda America) was used as the cathode material. The cathode formulation was 92 wt.% NMC-532, 4 wt.%
C65 conductive additive, and 4 wt.% PVDF binder. The cathode slurry was cast onto aluminum foils (15
um thick) with a total areal mass loading of 16.58 mg/cm? and then calendered to 35% porosity. The
visualization cell and the coin cells were assembled in an Ar glove box with H,O and O, less than 0.5ppm.

Pouch cells were assembled in a dry room (dew point of < -40 °C).

Electrochemical cycling

Prior to the fast charge experiments, the fully assembled visualization cells were rested at OCV for 4 hours
and then pre-conditioned with two C/5 cycles using voltage cutoffs at 0.02 V and 0.4 V. For all of the
visualization cell experiments, 2.7 mA/cm? is defined as 1C current. The visualization cells were cycled
using a Biologic SP-200 or a Biologic VSP potentiostat. The coin cells were cycled on a Landt 2001a
battery testing system. Pouch cells were cycled in a temperature-controlled chamber at 30 °C using a

Maccor 4000 series automated test system (Maccor Inc.).

Visualization approach

Photographs of the electrode (Fig. 1) were taken using a UI-3080SE-C-HQ camera from Imaging

Development Systems GmbH. Microscope images were taken using a Keyence VHS-700 digital
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microscope. When Li plating occured, the dendritic structure of the plated Li extended above the surface
of the graphite electrode. To maintain both the plated Li and graphite surface in focus, focus variation
microscopy was applied to extend the depth of focus of the images 3. The C/10 lithiation (Fig. 2) was
recorded at a rate of 60 s/frame. The other visualization cell experiments were recorded at a rate of
15 s/frame to 20 s/frame. Data analysis, differential voltage and voltage-image synchronization were

performed using MATLAB.

Coin cell disassembling

To create the cross sections of the coin cells in Fig. 7, CR2032 coin cells was disassembled with an MTI
MSK-110 hydraulic crimper inside an Ar glovebox (O, and H,O < 0.5 ppm). The graphite electrode was
immediately retrieved and rinsed with dimethyl carbonate (DMC) to remove excess electrolyte. The
disassembling and the rinsing process took less than 1min in total. The electrodes were then imaged by a
Keyence VHS-700 digital microscope inside the Ar glovebox. For the electrodes shown in Fig. 7, the

images were taken within 20min after disassembling.
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