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Abstract: The fast-charging capability is critical for the wide adoption of electric vehicles (EV), which,
however, can result in Lithium (Li) plating on the graphite anode that aggravates the cell degradation
and increases the safety risk. Li plating is also prone to occur during charging at low temperatures. In
this work, we fabricate Li-ion full cells in transparent glass capillaries to probe the real-time dynamic
evolution of the lithiated phases throughout the graphite anode toward the onset of lithium plating
during fast charging and under low temperatures. We observed that Li plating can occur well before
70% state of charge (SOC), even at a low C-rate and at room temperature. Our operando experiments
provide the direct proof that subtle features in the electrochemical responses are caused by the Li plating,
which can be utilized to improve battery management strategy. Mathematical simulations confirm that
the local overpotential due to the strong concentration polarization is the root cause of the axial reaction

heterogeneity in the graphite anode and the Li plating on the fully lithiated particles.
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1. Introduction

Lithium-ion batteries (LIBs) have enabled successful electric vehicles (EVs).!? However, the wide
adoption of EVs is still limited by the range anxiety and the re-charging time which is much longer than
the re-fueling time of the internal combustion engine (ICE) vehicles.>* The key issue that limits the fast
charging of LIBs, among other less severe degradation mechanisms, is the lithium (Li) plating on the
graphite anode, compromising their cycle life and safety.’ During Li plating, the metal deposits do not
form a smooth layer, but tend to grow whiskers and dendrites with high surface area to form an
irreversible solid electrolyte interphase (SEI) layer that can exacerbate the nonuniform growths.® The
metal growths can penetrate the porous separator and short-circuit the cell, leading to fires and
explosions. Therefore, it is crucial to develop the accurate yet predictive understanding of the onset of

the Li plating on the anode during fast charging and/or under low temperatures.

While Li plating in LIBs has been detected using analytical methods such as differential voltage

1"and the high precision coulometry,'? the diagnoses were usually postmortem, after plating

analysis,
a significant amount of Li. The real-time voltage characteristics were also linked to the onset of Li
plating but are limited to half-cells which cannot be utilized for the full cell management.'®!*1¢ Full
cell incremental capacity analysis has long been used for cell degradation or even Li plating diagnosis.
1719 The correlation between the characteristic peaks and the internal physical processes is yet to be

verified by operando observations, which is necessary for investigating the dynamic evolution in

graphite during the fast and understanding the onset of Li plating. Sophisticated operando techniques

20-23 25,26
H

such as X-ray diffraction or tomography, electron magnetic resonance,”* neutron diffraction

and Raman spectroscopy?’*®

can probe the Li plating dynamics during the fast charging and are
promising for deconvolution of the full cell signals. However, their spatiotemporal resolution is limited,
which makes them hard to capture the rapid cell and electrochemical dynamics during a fast charging.'
The optical microscope fulfills this requirement with micron-level resolution and fast imaging

10,12,14,16,29-32

speed, but requires careful cell design to be consistent with the practical full cells, i.e., all

the components including the current collector should be constructed in a sandwich configuration.

Here, we proved via operando experiments the causal relationship between the signature peaks in the



differential capacity/voltage curves and the onset of Li plating. The special capillary full cells were
taken as the model system for the practical LIB sandwich cells to probe the dynamic evolution in
graphite anodes during the fast-charging process. We first observed state of charge (SoC)
heterogeneities along the axial direction for current densities higher than 2 mA c¢m, which renders the
current density a more appropriate parameter over C-rate for the cross-system comparison and
evaluation. We then identified a clear voltage signature indicating the onset of Li plating on graphite
anode with both phase-separating and solid-solution cathode materials, as proved by the visual
observations. The larger format coin cells also showed similar voltage characteristics, with detailed
evaluation using the differential capacitance analysis. Mathematical simulations reveal that both the
axial SoC heterogeneity and the Li plating are caused by the strong polarization of the concentration

overpotential along the axis, which becomes more significant at low temperature.



2. Results
2.1 SoC heterogeneity in graphite anode

We fabricated typical sandwich-structure full cells in glass capillaries**” (Fig.1a) for the operando
visualization with graphite as the anode and lithium iron phosphate (LFP) or lithium nickel manganese
cobalt oxide (NMCS811) as the cathode. The capillary full cell configuration allowed an accurate
determination of current densities while monitoring the dynamic phase transformation in the entire
graphite electrode. We employed high loadings of around 17 mg cm™ to achieve an electrode thickness

of around 380 pum.
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Figure 1. Axial heterogeneity in graphite during Li-ion intercalation and deintercalation. (a) The
structure of the Li-ion capillary full cell. (b-j) Snapshots and the voltage response of the LFP|graphite

full cell during the formation cycle at 0.5 mA cm?.

Figures 1b-j and Video S1 show the axial heterogeneity during the low-current formation cycle at 0.5



mA cm of an LFP|graphite capillary full cell. Graphite is known to exhibit several different colors as
the SoC increases to form different phases or stages.’! During the charging process of the full cell,
graphite particles remained grey until the voltage reaches the little plateau at around 3.3 V (Figs. 1b and
Ic). A considerable capacity was consumed for the formation of the SEI at this point. The graphite
particles changed color to blue (stage 3) homogeneously upon initial Li-ion intercalation via a solid-
solution mechanism. This concurrent particle activation confirmed a uniform electronic conductivity of
the electrode and mild concentration polarization in the electrolyte at low galvanostatic conditions.
Once the entire graphite anode reached stage 3 (Fig. 1d), further Li-ion intercalation induced the
transformation from stage 3 (blue) to stage 2 (red) via phase separation mechanism.*®* The red color
(stage 2) originated from the front face of the electrode (facing the bulk electrolyte) and moved towards
the back face (current collector) (Fig. 1¢) due to an increasing concentration overpotential from front to
back. The next phase transformation from red to gold (stage 1) followed a similar behavior until the
graphite was fully lithiated (Fig. 1f). The phase transformations in the graphite were reversed during
cell discharge. The gold to red and red to blue transformations also propagated from the front face to
the back face of the electrode during delithiation, followed by a homogeneous color change to grey
(Figs. 1g-j). Both the charging and discharging voltage responses as well as phase transformation
mechanisms agreed well with the practical LFP|graphite full cells.** The observed phenomena are
consistent with previous reports,'®*® but the sandwich configuration within an ideal cylindrical
geometry allows for a more accurate and practice-relevant determination of the current density and

ionic flux to enable rigorous analysis.
2.2 Subtle voltage changes at the onset of Li plating

After the formation cycle, we performed galvanostatic charging on the capillary full cells at high
current densities ranging from 2 to 6 mA cm™. However, even at 2 mA cm™, only the particles within
~100 um from the front face became blue (Fig. 2 and Video S2). The phase transformation never
reached the back face of the electrode as we had observed in the low-current case. The red and gold
colors then appeared in sequence from the front face and the phase boundaries propagated concurrently

toward the back face but never reached the current collector. The coexistence of all three different



lithiated stages indicated a strong variation of the overpotential along the axis. The Li plating started at
the front face before the back face of the graphite electrode was lithiated. Interestingly, at the onset of
Li plating, a little hump in the voltage response was observed as shown in Fig. 2a. Since LFP is a typical
phase-separation material with a stable and flat voltage plateau, any voltage fluctuations in the full cell
voltage profile should come from the anode. Therefore, the voltage hump must have been induced by
the Li nucleation barrier on the fully lithiated graphite surface.!* Replacing the LFP with the solid-
solution cathode material, NMC811, did not affect the intercalation behavior of the graphite during fast
charging (Figs. 2f-j). Despite the slanted full-cell voltage curve due to the NMC811 cathode, the onset
of Li plating on graphite still showed a distinguishable voltage step as labeled in Fig. 2f. Figures 2k-o
and Figs. 2p-t show the voltage profiles and the snapshots at the onset of Li plating in the operando
experiments at the current densities ranging from 2 to 6 mA ¢cm with LFP and NMC811 as cathodes,
respectively. Similar voltage artifacts for Li plating, i.e. the hump with LFP as the cathode and the step
with NMC811 as the cathode, were clearly identifiable in each case. The critical time of the onset of Li
plating and the anode filling thickness both decreased with increasing the charging current densities
during fast charging. We also discovered that the Li plating could begin well below the cutoff voltage
since the Li plating can happen at low SoC. Both cathode and anode overpotential at the onset of Li
plating increases at higher current densities but the equilibrium voltage is low for cathodes without a
stable voltage plateau such as NMC at lower SoC. Therefore, in LFP|graphite cases where the cathode
has a stable voltage plateau, the voltage magnitude of Li plating increases with the current density but

it is the opposite in NMC|graphtie cases.

In fast-charging experiments, C-rate, which is scaled to the full capacity of the electrode, is commonly
used to indicate the intensity of the applied current. However, for fair cross-system comparisons, the
current density is physically more appropriate. Due to the high loadings of our electrodes, the C-rates
converted from the high current densities appear low, from 0.32 C to 1.83 C. Li plating can occur before

reaching 70% SoC (Figs. 2k-t).
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Figure 2. Operando diagnosis of the graphite anode during fast charging. (a-j) Voltage responses and
the operando snapshots of the graphite during the fast charging at 2 mA ¢m with LFP (a-¢) or NMC
(f5j) cathode. (k-t) Voltage responses and the snapshots at the point of Li plating on the graphite during
the fast charging at various current densities with LFP (k-0) or NMC (p-t) cathode. The C-rate at each
current density is calculated based on the discharge capacity of the 0.5 mA cm™ formation cycle. Since
the fast charging is performed at the second cycle where the charges can still be consumed for the
interphases, the SoC of the onset of Li plating is estimated based on the operando images and the SoC

of each phase.

The interplay between transport in solid and liquid phases governs both the charge heterogeneities

and the Li plating during the fast charging process.'**!* Since the characteristic diffusion time constant

2
for graphite was T, = RF ~ 20 s, where R is around 4 um (average particle radius) and D is 9 x 10

cm?s™! 3141 the lithiation process prior to the onset of Li plating was not limited by solid-state diffusion.

However, at high lithiation current densities, the concentration depletion in the electrolyte due to



diffusion in the electrolyte through the porous electrode can intensify the concentration overpotential

variation along the thickness that promotes the strong axial charge heterogeneities.
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Figure 3. Mechanism of the Li plating during fast charging processes. (a) Experimental and MPET
calculated voltage curve for the case of 2 mA c¢cm? with NMC as the cathode. The insets are the
screenshot and the simulated graphite lithiation state at the point when Li plating starts. (b) The
calculated electrolyte concentration and the solid state SoC along the anode thickness at the time frame
when Li plating happens. (c¢) The calculated concentration overpotential and the reaction overpotential
distribution along the anode thickness. (d) Schematic explanation of the mechanism of the Li plating
and the graphite axial heterogeneity. The strong concentration overpotential gradient can lead to
different equilibrium phases along the thickness at a certain anode potential. The Li plating starts when

the equilibrium potential at the front face goes below 0 V.

To better understand this mechanism, we simulated the intercalation process during the fast charging



of the NMC811|Graphite capillary cell at 2 mA ¢m™ using the Multiphase Porous Electrode Theory
(MPET) package. ** We validated the simulation by comparing the voltage profile and the Li filling
profile with the operando experimental results (Figs. 3a,b and Video S3). We selected the frame when
the Li plating started to analyze the coexistence of four phases (blue, red, gold, and Li metal). The
simulation showed the strongest electrolyte concentration depletion at the phase boundaries in the
graphite anode (Fig. 3b) with the concentration at the electrode front face approaching the bulk
concentration. To better understand the polarization, we estimated the concentration overpotential 1.,y
distribution in the porous electrode at the critical frame (Fig. 3¢) by V = AU® + 9,4n + Ncone» Where
V is the cell voltage, AU? is the equilibrium potential difference between the cathode and anode for the
corresponding lithiated graphite stages, and 7, is the reaction overpotential of the two electrodes
estimated by the modified Bulter-Volmer equation.*® Note that the concentration overpotential 7.y
obtained from the simulation is induced by the strong concentration polarization determined by the
transport equation, which also includes the ohmic contribution, only that the ohmic overpotential 17,5,
can no longer be properly defined due to the concentration gradient and therefore the varying
conductivity.* Our simulation confirmed the strongly varying concentration overpotential along the
thickness of the graphite, which is responsible for the SoC heterogeneities and finally the Li plating.
While the exchange current density is a function of both the electrolyte concentration and the SoC, the
variations of the reaction overpotential for different parts (stages) of the electrode are negligible,
compared with the concentration overpotentials (Fig. 3c). As explained schematically in Fig. 3d, at a
certain anode potential, the equilibrium phases will be different along the thickness due to the strong
concentration overpotential gradient. During fast charging, the anode potential keeps decreasing with
increasing filling fractions and the phase boundaries moving towards higher concentration overpotential
regions. The Li plating will start when the anode potential becomes low enough such that the

equilibrium electrochemical potential at the front face drops below the Li reduction potential.

2.3 Voltage features of Li plating in practical cells



While the subtle voltage features of Li plating can be clearly captured in capillary full cells, a higher
electrode area in the large format LIBs may conceal such artifacts. To validate our discoveries, we
constructed three-electrode coin cells to test fast charging operations. We maintained an N/P ratio of
around 0.8 in both NMC811|Graphite and LFP|Graphite systems to ensure Li plating on the anode.*
We used the same current densities in the coin-cell systems as the capillary cells for the fair cross-
system validation and monitored the anode vs. reference (Li metal) and the cathode vs. anode voltages

simultaneously yet independently.
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Figure 4. Li plating analysis during fast charging in 3-electrode coin cells and the commercial coin
cell. (a,b) The full cell and graphite voltage responses and the corresponding full cell dQ/dV results in
(a) LFP|Graphite, and (b) NMC|Graphite coin cells. The solid lines belong to the full cell and the dashed
lines are the graphite voltage. The dQ/dV plots are plotted by taking the full cell voltage as the y-axis
for a better comparison with the voltage curve. The Li plating peaks in the full cell dQ/dV plot are
represented as thick solid lines. (c) The voltage response and the dQ/dV analysis of the commercial 45
mAh NMC coin cell being charged at 1C (~2 mA cm™). (d-f) The ex-situ images taken at different SoCs

during the 1C charging.

As shown in Figs. 4a and 4b, the anticipated Li plating humps or steps cannot be clearly identified in



the terminal voltage curves of the full cells especially at high current densities, but voltage plateaus
were clearly revealed in the anode vs. reference voltage profiles. These independently measured anode

plateaus appear to be the reason for the Li plating peaks identified in the differential capacitance curves.

It is noteworthy that the Li plating did not necessarily occur as soon as the measured graphite potential
dropped below zero. While the three-clectrode system effectively rules out the voltage uncertainties due
to ion polarization at the counter electrode, the anode reaction overpotential and the uncompensated IR
drop can still be significant during high-rate lithiation. Although the voltage artifact of Li plating
became less clear at higher current densities, i.e. 5 and 6 mA cm™, a rigorous dQ/dV analysis could
reveal corresponding peaks due to the existence of the Li plating plateaus in the anode voltage curves,

as shown in Figs. 4a and 4b.

Similar signature of Li plating was also found in the fast charging process of the high-loading (45
mAh) commercial coin cells. At 1C rate (~2 mA cm™), the Li plating peak appears at 4.27 V in the
differential capacitance analysis (Fig. 4c), lower than a practical 4.3 V cutoff.** Instead of overcharging
the cell, the Li plating starts at only around 60 % SoC at this charging rate. The Li plating was further
confirmed by taking the ex-situ images after opening the cells at different SoCs (Figs. 4d-f). The Li
plating on top of gold particles was clearly captured in the microscopic image after passing the Li plating
peak, consistent with our operando diagnosis results. It is important to mention that the Li plating was
also found near the edge of the electrode where the graphite particles remain grey. This part of the Li
could still originate from the nearby gold particles but preferentially grow towards the edge where the

stacking pressure is lower due to the anode overhang.
2.4 Fast charging diagnosis under low temperature

Li plating is intensified in low-temperature conditions, regardless of the charging C rates.®!>!® To
understand the onset of Li plating at low temperature, we repeated the operando diagnosis at -20 °C
with NMC811|Graphite capillary full cells. We switched to a low-temperature-compatible electrolyte 1

M LiPFs in EC/PC/EMC (1:1:8 by weight) to maintain sufficient ionic conductivity.*
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Figure 5. Fast charging operando diagnosis at different temperatures. (a) The low-rate lithiation
behavior comparison at 0.5 mA c¢cm™ between the low temperature and the room temperature. (b-1)
Voltage, differential capacity analysis, and screenshots at 0 °C and the charging rate of 2 mA cm? (b-
g) and 6 mA cm™ (g-1). (m-x) Voltage, differential capacity analysis, and screenshots at -20 °C and the

charging rate of 2 mA ¢cm (m-r) and 6 mA cm™ (s-x).

The low-rate lithiation at 0.5 mA cm™ at low temperature exhibited stronger axial heterogeneities
than at room temperature, as indicated by the co-existence of the three phases along the axis at the 40%

and 60% SoCs (Fig. 5a and Video S4). This difference is attributable to the reduced ionic conductivity



and Li" diffusivity at the low temperatures, which lead to stronger concentration overpotential gradients
along the axial direction. The stronger concentration overpotential gradients can lead to earlier Li
plating during fast charging at low temperatures than at room temperature. To test this, the fast charging
experiment was performed at 0 °C (Figs. 5b-1 and Videos S5 and S6) and -20 °C (Figs. Sm-x and Videos
S7 and S8). At 2 mA cm?, the critical Li plating capacity was 4.2 mAh cm™ at room temperature but
decreases to 3.5 mAh cm™ at 0 °C and 1.5 mAh cm™ at -20 °C (Figs. 5b-g and 5m-r), which is consistent
with the prediction. At 6 mA ¢cm™, the voltage artifact for Li plating was harder to notice directly from
the voltage response, especially at -20 °C, but still traceable from the differential capacity analysis (Figs.
5g-k and 5s-x). However, such a small signature could easily diminish in the practical large-format cells,
which makes the differential capacity analysis incapable of alarming the Li plating at low temperatures
and high current densities. The higher Li-plating critical voltage at 0 °C than at -20 °C is due to the
higher N/P ratio. Interestingly, the plated Li at low temperatures exhibited a more uniform mossy Li
growths, covering the entire front face, rather than forming localized Li whiskers in the cases at room

temperature (Fig. 2).

3. Conclusion

In this work, we performed operando diagnosis of the graphite anode during the fast charging process
in our special capillary full cells. At high charging current densities (2-6 mA cm™), but equivalently
low C-rates (0.32 to 1.83 C due to the electrode loading), the graphite shows strong SoC heterogeneity
along the electrode thickness. Such SoC heterogeneity, i.e., the coexistence of all three different lithiated
stages, is absent at 0.5 mA c¢cm. Li plating is observed before the graphite electrode is lithiated to 70%
SoC even at 0.32 C, which emphasizes that the current density is more accurate than C-rate to describe
the charging rate under such a strong axial heterogeneity. Subtle full-cell voltage features were captured
at the onset of Li plating, either a hump when using the phase-separating material as the cathode or a
step when using the solid-solution material as the cathode. Similar voltage features were also detected

in the practical coin cells and were more obvious in the voltage differential analysis. MPET simulations



reveal a strong concentration overpotential gradient along the axis of the anode during fast charging
which can lead to the axial SoC heterogeneity and the Li plating. The gradient of the concentration
overpotential can become more significant at low temperature due to the reduced diffusivity and causes
stronger heterogeneity and earlier Li plating. Our work offers a useful method for developing fast-
charging protocol for a given cell configuration, or determining the critical loading based on the

required charging rates and working temperatures.

4. Experimental Section

Materials: Dimethyl carbonate (DMC, anhydrous, =99%), ethylene carbonate (EC, anhydrous, 99%),

propylene carbonate (PC, anhydrous, 99.7%), ethyl methyl carbonate (EMC, 99%), Lithium

hexafluorophosphate (LiPFe, battery grade, = 99.99% trace metals basis), 1 M LiPF¢ solution in

EC/DMC = 50/50 (v/v) were purchased from Sigma-Aldrich. All the solvents were dried using
molecular sieves for at least 3 days before use. The salt was dried at 100 °C for 48 hours before use. 0.01-
inch diameter stainless steel wires were purchased from McMaster-Carr. 5 pL glass capillaries are
purchased from VWR. Polypropylene-Polyethylene-Polypropylene (PP-PE-PP) tri-layer battery
separator (Celgard 2325, 25 pm thickness), copper foil for battery anode substrate (9 pm thickness),
aluminum foil for battery cathode substrate (15 pm thickness), conductive acetylene black, HSV900
PVDF binder was purchased from MTI Corporation. 45 mAh EEMB coin cells were purchased from

Amazon.

Electrode preparation: Graphite/LFP/NMCS811, conductive acetylene black and PVDF binder were
thoroughly mixed into slurry with NMP at a weight ratio of 8.5:0.5:1 (for graphite) and 8:1:1 (for
cathodes). The slurry was cast onto the copper (graphite) or aluminum (cathodes) foil and dried at
120 °C overnight before cutting into disk electrodes. For the 3-electrode coin cells, the graphite mass

loading is around 3.5 mg cm™. The N/P ratio is around 0.8 to ensure the Li plating.

Cells fabrication and electrochemical testing: All cells were assembled in an Ar-filled glove box with



H,O and O, concentration < 0.5 ppm. For the capillary full cells, the two electrode slurry was first filled
in the glass capillary with the graphite loading of around 5-6 mAh cm and the N/P ratio of around 0.9,
then dried at 60 °C overnight in atmosphere followed by a 10-hour vacuum drying at 120 °C. The glass
capillaries were pulled 0.5 mm longer between the two electrodes with a vertical type micropipette
puller (PC-10, Narishige Co., Ltd). The pulled capillary was fixed onto a piece of glass slide using
epoxy. Electrolytes were filled in the capillary by a syringe. Two electrodes were then fixed at the pulled
part by the stainless steel wires. For the 3-electrode coin cells, an additional copper wire was placed
between two trilayer separators with a small piece of Li as the reference electrode. Operando images
were captured by an optical microscope (MU500, AmScope). Electrochemical tests were conducted
with a Gamry potentiostat (Reference 600+, Gamry Instruments), an Arbin battery tester (LBT 20084,

Arbin Instruments) and a Land battery testing system (CT3001A, Lanhe instruments).

MPET simulation: The Multiphase Porous Electrode Theory (MPET) which is an open-source Python
code developed by Bazant and coworkers,** has been used for the simulations. The theory uses bilayer
regular solution model with gradient penalty to calculate the chemical potential of graphite.*® The
chemical potential of NMC811 is fitted from low current half-cell experiments.*” The thicknesses and
porosities of electrodes were consistent with the experimental setup. Since the model requires C-rate as
the driving condition, we used the derived C-rate from the current density of 2 mA ¢m. The electrolyte
is modeled using dilute electrolyte model. We used the reaction parameters shown in Table 1 to simulate

the solid-phase dynamics.

Table 1. MPET simulation parameters

Parameter Graphite NMC811

Diffusion coefficient, D 9x 10713 m?2s! 5x 10718 m?g!
Exchange current density, jo 83 A m? 0.5 Am?

Gradient penalty coefficient, k | 5.0148 x 10710 J m"! 5.0148 x 107° Jm"!
Electrode thickness 0.000385 m 0.000356 m

Porosity 0.4 0.5




Supporting information

Supporting information is available online.

Video S1: Operando diagnosis of the graphite anode during 0.5 mA cm formation cycle.

Video S2: Operando diagnosis of the graphite anode during 2 mA cm fast charging with LFP

as the cathode.

Video S3: Operando diagnosis of the graphite anode during 2 mA cm? fast charging with NMC

as the cathode.

Video S4: Comparison of the graphite intercalation dynamics between room and low

temperatures.

Video S5: Operando diagnosis of the graphite anode during 2 mA cm fast charging with NMC

as the cathode at 0 °C.

Video S6: Operando diagnosis of the graphite anode during 6 mA c¢m fast charging with NMC

as the cathode at 0 °C.

Video S7: Operando diagnosis of the graphite anode during 2 mA c¢m fast charging with NMC

as the cathode at -20 °C.

Video S8: Operando diagnosis of the graphite anode during 6 mA cm? fast charging with NMC

as the cathode at -20 °C.
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