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Rechargeability and operational safety of commercial lithium (Li)ion batteries demand further improvement. Plating of metallic Li
on graphite anodes is a critical reason for Li-ion battery capacity
decay and short circuit. It is generally believed that Li plating is
caused by the slow kinetics of graphite intercalation, but in this
paper, we demonstrate that thermodynamics also serves a crucial
role. We show that a nonuniform temperature distribution within
the battery can make local plating of Li above 0 V vs. Li0/Li+ (room
temperature) thermodynamically favorable. This phenomenon is
caused by temperature-dependent shifts of the equilibrium potential of Li0/Li+. Supported by simulation results, we confirm the
likelihood of this failure mechanism during commercial Li-ion battery operation, including both slow and fast charging conditions.
This work furthers the understanding of nonuniform Li plating and
will inspire future studies to prolong the cycling lifetime of Li-ion
batteries.

|
|

|

extreme fast charging Li plating temperature heterogeneity
equilibrium potential thermodynamics

Downloaded at STANFORD UNIV MED CENTER on November 16, 2020

L

|

ithium (Li)-ion batteries with graphite anodes and Li metal
oxide cathodes are the dominant commercial battery chemistry for electric vehicles (EVs) (1). However, their cycle lifetime
and operational stability still demand further improvements
(2–5). During long-term cycling, Li-ion batteries undergo irreversible capacity decay due to decreased utilization of anode/
cathode active materials, metallic Li plating, electrolyte dry-out,
impedance build-up, or excessive heat generation (6–9). Some of
these issues also lead to battery shorting and thermal runaway
(10, 11). To enable mass adoption of EVs, increasing efforts have
been made to realize the fast charging of Li-ion batteries (12).
Under this condition, all of the detrimental factors mentioned
above are aggravated (6, 7, 13), further compromising the battery
cycling life and safety. As a result, a clear understanding of the
failure mechanisms of Li-ion batteries is crucial for their future
development.
Plating of metallic Li on graphite anodes is a major cause of
the capacity decay of Li-ion batteries (6, 7, 12, 14–17). Significant
amounts of solid electrolyte interphase (SEI) and dead Li form
and remain inactive, leading to an accelerated loss of Li inventory. It is generally believed that the slow kinetics of Li ion intercalation into graphite causes metallic Li plating (14). Threeelectrode measurements (18–25) showed that the potential of
graphite anodes shifted negatively under increased charging
rates and finally dropped below 0 V vs. Li0/Li+, reaching Liplating conditions. However, Li-plating phenomenon on graphite anodes is still not fully understood. Firstly, the actual onset
potential of Li plating is still unclear, which is not necessarily
below 0 V vs. Li0/Li+ (18). Furthermore, few studies explained
why Li plated on graphite in spatially inhomogeneous patterns
(7, 14, 17). Most importantly, in some reports, Li plates even
under a moderate charging rate below 1.5 C (6, 7). Under these
conditions, three-electrode measurements indicate that the anode potential does not drop below 0 V vs. Li0/Li+ (18). Kinetic
arguments alone are not sufficient to resolve these problems, so
www.pnas.org/cgi/doi/10.1073/pnas.2009221117

we hypothesize that previously neglected thermodynamic factors
may also play crucial roles in Li plating.
It is well-known that the equilibrium electrode potential of a
redox reaction shifts with temperature (26–35). Exothermic reactions and joule heating during cycling raise the temperature of
batteries (10), which can also build up an internal temperature
gradient. Simulations (7, 36–42) and experimental studies (41,
43–49) showed intensified heating under increased cycling rates,
and temperature differences of 2 K to nearly 30 K within the
batteries (10). This spatial variation in temperature leads to a
heterogeneous distribution of the equilibrium potential for both
Li plating and graphite intercalation on the anode, which could
make Li plating thermodynamically favorable at certain locations.
In this paper, we discover that temperature heterogeneities within
Li-ion batteries can cause Li plating by shifting its equilibrium
electrode potential. We first introduce a method to quantify the
temperature dependence of the equilibrium potential for both Li
plating and graphite intercalation. Then, we correlate the shift of
the equilibrium potential to Li plating using a Li-graphite coin cell
with an intentionally created heterogeneous temperature distribution
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and explain the observation with thermal and electrochemical
simulations. Finally, the effects under fast charging conditions are
examined. The data explicitly show that metallic Li can plate
above 0 V vs. Li0/Li+ (room temperature) on a graphite anode.
The temperature dependence of the equilibrium potential likely
participates in the capacity decay of commercial Li-ion batteries,
which can be increasingly severe during fast charging conditions.
This research brings insights into a key failure mechanism of Liion batteries, highlights the importance of maintaining homogeneous temperature within batteries, and will inspire future development of Li-ion batteries with improved safety and cycle lifetime.

Temperature Dependence of the Equilibrium Potential
For the half reaction A + ne− → B, the dependence of its equilibrium electrode potential on temperature is described by the
temperature coefficient (α), which is defined as
α=

∂Eeq
,
∂T

[1]

where Eeq is the equilibrium electrode potential and T is
the temperature. The temperature coefficients of two relevant half reactions need to be considered, which represent

Fig. 1. Temperature coefficients measurement. (A) The schematic drawing of the nonisothermal cell used to measure temperature coefficients. (B) Evolution
of the OCV of the nonisothermal cell with Li metal foils as the two electrodes during the experiment. The heating power is gradually increased, and ΔT is the
steady-state temperature difference between the two electrodes. (C) Evolution of OCV of the nonisothermal cell with intercalated graphite as the two electrodes
during the experiment. (D) Fitting of ΔT and ΔV to extract the temperature coefficients for metallic Li and graphite. ΔV has the same value as the steady-state
OCV, but it also stands for the equilibrium potential difference. (E) Schematic drawing of preferential local metallic Li plating at hot regions on a graphite anode
with a nonuniform temperature distribution. (F) Schematic illustrating the mechanism for Li plating above 0 V vs. Li0/Li+ (RT) on a graphite anode.
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Li+ + e− → Li,

[2]

LiC12 + Li+ + e− → 2LiC6 .

[3]

To accurately measure their temperature coefficients, we design
a nonisothermal H cell with either Li foil (as illustrated in
Fig. 1A) or graphite (Methods) as electrodes in both chambers. A
thermocouple is inserted in each chamber, and its probe is in
close proximity to the electrode/electrolyte interface. The electrolyte is 1 M lithium hexafluorophosphate (LiPF6) in ethylene
carbonate (EC)/diethylene carbonate (DEC). During the experiments, one chamber is heated with adjustable power while the
other is unheated in order to create a temperature difference
between the two electrodes. The open-circuit voltage (OCV) is
recorded throughout the measurement.
The evolution of the OCV under different temperature differences (ΔT) for metallic Li and graphite are shown in Fig. 1 B
and C. Initially, both chambers are at room temperature (ΔT ∼
0 K), so the OCV is also ∼0 V. As we incrementally increase the
heating power, ΔT and the OCV increase gradually and reach a
series of steady states within ∼20 min (Fig. 1 B and C). The
heater is turned off after the experiment and both ΔT and the
OCV drop back to nearly zero, confirming that the electrodes
are not damaged from the heating in the measurement. Because
the cell is held at open circuit throughout the experiment, the
OCV at each steady state also represents the equilibrium potential difference (ΔV) caused by ΔT. According to Eq. 1, the
temperature coefficient of each redox reaction (Eqs. 2 and 3) is
obtained by linearly fitting the steady state ΔT and ΔV data
(Fig. 1D). The results are shown in Table 1.
These results provide the following implications. First, the
equilibrium potential of Li0/Li+ increases faster with temperature than that of graphite intercalation by a magnitude of
0.15 mV/K. The equilibrium potential gap between graphite intercalation and Li0/Li+ is ∼80 mV at room temperature (18)
(RT, set at 20 °C in this work). This means that under homogeneous temperature, over 500 °C is needed to make the equilibrium potential of Li0/Li+ higher than that of graphite
intercalation. Therefore, it is unlikely that Li plating will be
thermodynamically favorable to graphite intercalation under a
uniform temperature within batteries.
However, a completely different phenomenon may emerge
with a nonuniform temperature distribution on the graphite
anode (Fig. 1E). In this scenario, the equilibrium potential of
graphite intercalation would stay at ∼80 mV vs. Li0/Li+ (RT) at
RT regions (Fig. 1E, edge regions), whereas hot regions of the
electrode (Fig. 1 E, center region) shift the equilibrium potential
of Li plating to tens of mV vs. Li0/Li+ (RT). If the hot region
heats up by more than ∼71 K, then the local equilibrium potential of Li plating will surpass ∼80 mV vs. Li0/Li+ (RT). Under
this condition, it is thermodynamically preferable to plate metallic Li at hot regions instead of intercalating graphite at RT
regions (Fig. 1E). In reality, the temperature difference needed
for such a scenario might be much smaller, because the graphite
anode potential is usually lower than ∼80 mV (SI Appendix, Fig.
S1) at the end of the charging process. If a graphite anode is
charged down to ∼10 mV vs. Li0/Li+ (RT) in a practical cell, only
Table 1. Temperature coefficient results

Temperature coefficient, mV/K
SE, mV/K
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Metallic Li

Graphite

1.12
0.015

0.97
0.020

∼7 K of temperature difference would be sufficient to cause Li
plating at hot regions. Fig. 1F further illustrates the mechanism
of this phenomenon. The graphite anode potential is uniform
(black dashed line), while the equilibrium potential of Li plating
(black solid line) shifts linearly with temperature (red dashed
line), surpassing the graphite anode potential at the hot region.
This will cause Li plating at the hot region to be thermodynamically favorable. This phenomenon is different from most
previous works (18–25) in that it predicts metallic Li plating on
graphite anodes above 0 V vs. Li0/Li+ (RT). To confirm this
scenario, we examine the Li-plating phenomenon on copper
(Cu) and graphite electrodes with local temperature hotspots.
Metallic Li Plating in a Li–Cu Cell at 0 V vs. Li0/Li+ (RT)
We first demonstrate that metallic Li plating can occur at 0 V vs.
Li0/Li+ (RT) with a Li–Cu cell. Fig. 2A shows the configuration
of the coin cell (see Methods for details). The working electrode
consists of a round glass coverslip as the substrate, a platinum
(Pt) line-heater on the front side (Fig. 2C), and a thermally
evaporated Cu current collector on the back side (Fig. 2D). A Li
metal disk is paired as the counter and reference electrode
(Fig. 2E). A window is created on the cathode case to expose the
Pt heater for connection to an external power source (Fig. 2F).
The resistance of the Pt heater shifts linearly with temperature
(Fig. 2B), so the heater can also function as an accurate (SI
Appendix, Fig. S2) resistance temperature detector throughout
the experiment.
During the measurement, the potential of the Cu electrode is
stepped to 0 V vs. Li0/Li+ (RT). No heating is provided initially
(stage I in Fig. 2H). The negative cell current (stage I in Fig. 2G)
is attributed to double-layer charging and formation of SEI on
the Cu surface, which then decays as the Cu surface is passivated.
The current reaches a steady state in ∼500 min, and the residual
current is attributed to galvanic corrosion (50). In this case, Li
does not plate because an overpotential is necessary to overcome
the nucleation barrier (51) and drive the deposition current.
Then (stage II), the heater is heated to 55 °C (Fig. 2I) by applying a heating power of ∼80 mW. An instant increase in the
cell current is observed (Fig. 2G). Subsequently (stage III),
heater temperature is further increased to ∼95 °C (Fig. 2I) with a
heating power of ∼150 mW, and the magnitude of cell current
further increases to over 10 μA (Fig. 2G). Even though the
heater temperature is high, we anticipate a maximum temperature between 40 and 60 °C on the Cu underneath the glass
thermal barrier, and this temperature range is relevant during Liion battery operations. Fig. 2J shows a photo of the Cu current
collector after the experiment. A silver-colored material appears
at the exact location of the Pt heater on the back side of the
coverslip. Scanning electron microscopy (SEM) (Fig. 2K) and
X-ray diffraction (XRD) (Fig. 2L) show that this silver-colored
material is dendritic metallic Li. This confirms the occurrence of
metallic Li deposition onto Cu at 0 V vs. Li0/Li+ (RT), which is
induced by a temperature heterogeneity.
To quantitatively understand the experimental observation, we
perform thermal simulations in COMSOL Multiphysics (SI Appendix, Supplementary Notes). We first model the Li–Cu cell
before the onset of Li deposition. Fig. 3A shows the crosssectional temperature distribution of the entire cell. The rise in
temperature is mainly localized inside the glass coverslip near
the heater. Fig. 3B shows the temperature of the front side of the
glass where the heater is located. The maximum temperature at
the center is 97.4 °C, which is similar to the experimental result
(Fig. 2I, stage III). The temperature quickly decreases radially to
nearly RT. Fig. 3D shows that the temperature on the entire
surface of the Li counter electrode is below 22.6 °C. This confirms that the Li counter electrode in the Li–Cu cell can be
approximately treated as a reliable reference electrode at 0 V vs.
Li0/Li+ (RT). Most importantly, the Cu/electrolyte interface
PNAS Latest Articles | 3 of 9
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metallic Li plating (Eq. 2) and graphite intercalation (Eq. 3),
respectively:
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Fig. 2. Li–Cu coin cell with local heating. (A) Schematic drawing that shows the configuration of the Li–Cu coin cell. The cell voltage is set to 0 V throughout
the experiment. (B) The linear correlation between resistance and temperature of the Pt heater. (C–F) Digital photos showing the different steps of Li–Cu cell
fabrication. (Scale bar, 5 mm.) (G–I) Data curves showing evolution of the short-circuit current between Li and Cu electrodes (G), voltage of Pt heater (H), and
heater temperature (I) during the experiment. (J) Digital photo showing the surface morphology of the Cu electrode after the experiment. (Scale bar, 5 mm.)
(K) SEM image showing dendritic morphology at the center of the Cu electrode. (Inset scale bar, 20 μm.) (L) XRD result of the silver-color material in the
middle of Cu showing obvious metallic Li signal.
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(Fig. 3C) shows a maximum temperature of only 55.4 °C, and the
elliptical shape of the heated region resembles the plated Li
(Fig. 2J). Furthermore, experimental results show that the heater
temperature gradually dropped from ∼95 °C to ∼93 °C during
stage III (Fig. 2I). To verify that this is caused by metallic Li
deposition, an elliptical-shaped metallic Li is added in the model
(SI Appendix, Fig. S3). Fig. 3E shows that heater temperature
decreases to ∼92.3 °C, consistent with the experimental observation. This is because the high thermal conductivity of the deposited Li, relative to the electrolyte, facilitates heat dissipation.
This result indicates that the heater temperature can serve as an
in operando signal for the detection of local Li plating. In
Fig. 3G, the temperature at the deposited Li surface also drops
to 48.3 °C. These temperatures (48.3–55.4 °C) at the working
electrode surface are easily attainable for a commercial battery
during operation (10).
Electrochemical simulations show the effect of the equilibrium
potential shift under a nonuniform temperature distribution. In
this model, an ellipse-shaped (SI Appendix, Fig. S3) Li is built as
the working electrode. Its temperature distribution is imported
from the thermal model (Fig. 3G). A Li disk 15 mm in diameter
is used as the counter/reference electrode, and its temperature is
set to 20 °C (RT). To imitate the experimental conditions, potentials for both electrodes are set to 0 V. The equilibrium
electrode potential for Li0/Li+ at 20 °C is set to 0 V. Then the
equilibrium electrode potential Eeq (mV) for Li0/Li+ under
various temperatures T (°C) can be written as
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Eeq = α(T − 20),

[4]

where α is the temperature coefficient for Li0/Li+ in Table 1.
Kinetic effects also need to be considered, i.e., the correlation
between the exchange current density j0 (mA/cm2) and temperature T (K). This was measured (SI Appendix, Supplementary
Notes and Figs. S4 and S5) to be
ln(j0 ) = −7.55 ×

1,000
+ 23.52.
T

[5]

With Eqs. 4 and 5, and other governing equations (SI Appendix,
Supplementary Notes), the current distribution is simulated on
Wang et al.

both the working and counter electrodes. Fig. 3I shows the result
for the Li working electrode. There is significant negative current
on the entire working electrode, confirming that the reduction of
Li ions to metallic Li happens. The current density is higher at
the center of the electrode, which is at a higher temperature
(Fig. 3G). This is because both Eeq of Li0/Li+ (thermodynamic effect) and j0 (kinetic effect) are enhanced at the high-temperature
region in the center. As the temperature decreases radially, the
local current density also decays. Fig. 3J shows the distribution of
current density on the Li counter/reference electrode. Positive
current (Li stripping) is observed. Since both Eeq and j0 are uniform on the Li counter electrode at RT, this current distribution is
mainly caused by the nonuniform electrolyte potential. The total
current through the cell, which is calculated by integrating the
current density on the Li working or counter electrode, is 4.8 μA.
This value is lower than the experimental observation of over 10 μA.
This discrepancy is attributed to the dendritic morphology of the
deposited Li (Fig. 2K), which has a larger surface area than the
planar Li working electrode in the model. The agreement between
the experiments and the simulations unambiguously elucidate the
crucial role of nonuniform temperature distribution on heterogeneous Li plating due to the temperature-dependent equilibrium
potential shift.
Metallic Li Plating in a Li-Graphite Cell above 0 V vs. Li0/Li+
(RT)
Based on the experimental setup of the Li–Cu cell, we then
demonstrate that metallic Li plating can occur above 0 V vs. Li0/
Li+ (RT) in a Li-graphite cell. The cell configuration (Fig. 4A) is
similar to that of the Li–Cu cell except a layer of graphite (∼5 μm
thick, SI Appendix, Fig. S6) is coated onto the Cu current collector, providing an areal loading of ∼0.14 mAh/cm2.
To minimize the kinetic effects, a small constant current of –10
μA (∼C/25) is applied to the Li-graphite cell without local heating.
Three distinct voltage plateaus are observed corresponding to
different intercalation stages of graphite (Fig. 4B), consistent with
previous results (52). At the end of the third graphite intercalation
plateau, the heater is turned on with a heating power of ∼162 mW
(Fig. 4C). The voltage of the Li-graphite cell immediately increases (black solid arrow, Fig. 4B), which is attributed to both the
increase of the equilibrium electrode potential and the reduced
PNAS Latest Articles | 5 of 9
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Fig. 3. Thermal and electrochemical simulation results. (A–D) Simulated temperature distribution among various section planes before Li deposition. (E–H)
Simulated temperature distribution among various section planes after Li deposition. (I) Simulated current distribution on the deposited Li working electrode
due to the temperature coefficient effect. Negative current means reduction reaction or metallic Li deposition. (J) Simulated current distribution on the Li
counter electrode.
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Fig. 4. Li-graphite coin cell with local heating. (A) Schematic drawing of the Li-graphite coin cell with local heating. (B–D) Data curves showing the evolution
of Li-graphite cell voltage (B), Pt heater voltage (C), and heater temperature (D) during the experiment. (E and F) Enlarged figures of the green and purple
boxes in B. (G) Digital photo of the graphite electrode after disassembling. (Scale bar, 5 mm.) (H–L) Simulated temperature distribution of different section
planes before Li plating. (M–Q) Simulated temperature distribution of various section planes after Li plating.

overpotential. Later, the cell voltage starts to decrease again
(black dashed arrow), corresponding to further graphite intercalation (Fig. 4B). After the voltage of the cell reaches ∼25 mV, a
sudden decrease in the slope value of the voltage curve can be
observed (Fig. 4E), which is in contrast to the end of a graphite
charging curve without local heating (SI Appendix, Fig. S1). This
likely indicates the onset of metallic Li plating at the hot region,
because Li plating should happen at a rather fixed potential. After
the cell voltage reaches ∼15 mV, the cell current is shut down
(gray dashed arrow, Fig. 4B). The cell voltage increases immediately
due to the equilibration of Li-ion concentration among graphite
particles and in the electrolyte. However, the voltage does not directly reach the equilibrium potential of graphite (at least 80 mV
with heating). Instead, the voltage plateaus at ∼72 mV first
(Fig. 4F). This shape is consistent with previous reports of the relaxation of graphite electrodes with deposited metallic Li (16).
Succinctly, this voltage plateau corresponds to the dissolution and
intercalation of metallic Li into the non-fully-intercalated graphite
particles. After the reversible metallic Li is consumed, the cell
voltage increases again to ∼85 mV (Fig. 4F). Afterward, a current
of −10 μA is turned on and off repeatedly, and similar voltage
curves are observed (Fig. 4B). During the whole experiment, the
potential of the graphite electrode is maintained well above 0 V vs.
Li0/Li+ (RT). The heater temperature is also recorded (Fig. 4D).
After heating initiates, the heater temperature first stabilizes at
∼103 °C, then decreases along with the charging process and slowly
increases when the cell is resting. Similar to the Li–Cu cell, we
believe the temperature decreases due to metallic Li plating at the
6 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.2009221117

heated region, and restores during resting due to the loss of bulk Li
via dissolution and intercalation into the graphite particles.
After the measurement, the coin cell is disassembled and the
graphite electrode is shown in Fig. 4G. The graphite particles are
yellow since they are nearly fully charged, and metallic Li is
deposited at the center of the electrode (SI Appendix, Figs. S7
and S8). This confirms that nonuniform temperature distribution
can cause metallic Li to plate on graphite anodes above 0 V vs.
Li0/Li+ (RT), because of the temperature-dependent shift of the
equilibrium potential.
To confirm the temperature and temperature variation on the
graphite electrode is achievable during Li-ion battery operation,
thermal simulation was carried out again in COMSOL Multiphysics and the results are shown in Fig. 4. The heater temperature on the outer surface of the glass coverslip agrees well with
the experimental results (Fig. 4I), and the Li counter electrode
remains at approximately RT (Fig. 4L). The graphite electrode
has a uniform temperature distribution throughout its thickness
(Fig. 4J and K) and the heated area resembles the shape of
plated metallic Li with a maximum temperature of 55.1 °C. After
metallic Li plating, the heater temperature drops from ∼101 to
∼96 °C, consistent with experimental results. Temperature at the
center of the graphite also decreases to ∼47 °C. Similarly, the
temperature of the graphite electrode in this experiment (47.0 to
55.1 °C) is easily achievable during Li-ion battery operations (46,
47, 49). In addition, the temperature difference between the
center and edge (∼25 K) of the graphite electrode is already
comparable to previous reported results for low-capacity cells
Wang et al.
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Metallic Li Plating on Graphite under Fast Charging
Conditions
The low charging rates (∼C/25) used above allow us to demonstrate the effect of the temperature-dependent equilibrium potential shift on Li plating above 0 V vs. Li0/Li+ (RT). As we
discussed, temperature gradients inside Li-ion batteries intensify
under fast charging rates. The plating of metallic Li on graphite
with local heating under fast charging conditions is thus studied
as follows.
Two Li-graphite cells are assembled with the same configuration as Fig. 4A, except that the graphite loading is ∼2.54
mAh/cm2. After one formation cycle under ∼C/15, the graphite
anodes are charged under a high rate of ∼2 C (−9 mA, ∼5.1 mA/cm2).
One cell is unheated throughout the charging process, while the
other is locally heated by the Pt heater with a power of ∼157
mW. The cell voltage is shown in Fig. 5A. The voltages of both
cells drop below 0 V soon after the current is applied. At the end
of the charging of the unheated cell, small rise of the cell voltage
may be caused by the formation of dendritic Li, which possibly
leads to a fluctuation in the overpotential (54). The heated cell
voltage is consistently higher than the unheated cell voltage, due
to faster kinetics as well as the upshifted equilibrium potential
of graphite. The cells are disassembled immediately after the
charging capacity reaches 3.3 mAh, and the surface morphology
of the graphite electrodes are shown in Fig. 5 B and C.
The unheated cell has three black regions (boxes with orange
dashed lines in Fig. 5B), indicating that the graphite in these
regions is not intercalated. This is because these areas are covered by Cu foils (for electronic connection between the graphite
electrode and cathode case) so that the ion transfer is blocked
(SI Appendix, Fig. S9). Three regions with obvious metallic Li
plating are observed on the periphery of the electrode. We attribute these to the reduced electronic resistance of these regions
which are adjacent to the Cu foils. The inner region of the
electrode shows a dark-brown color, implying that the graphite is
partially intercalated, while the center remains black and nonintercalated due to the sluggish kinetics in this region (Fig. 5B).

The intensified electric field at the sharp edge of the graphite
electrode also possibly further promotes the preferential Li
plating on the periphery of the electrode and slow graphite intercalation at the center. In contrast, not only the graphite at the
center of the heated cell is fully intercalated (yellow-colored),
but metallic Li is also plated at the heated region (Fig. 5C).
This phenomenon is likely caused by a combination of kinetic
and thermodynamic effects. The upshift of the equilibrium electrode potential of Li0/Li+ elevates the thermodynamic onset for
metallic Li plating, while the locally amplified ionic conductivity and
exchange current density further facilitates both Li intercalation and
metallic Li plating to occur with a reduced overpotential.
To exclude the kinetic effect on the Li-plating phenomenon, a
voltage-controlled fast charging of locally heated graphite electrode is further performed (constant voltage process at 0 V with
a current cutoff of C/10). It can be observed that after three
cycles and another charging process under ∼2 C, metallic Li is
still observed at the center of the graphite electrode (SI Appendix, Fig. S19), which is under elevated temperatures during
cycling. This result further proves that the thermodynamicsinduced Li plating can practically happen during the fast
charging of Li-ion batteries if a temperature heterogeneity is
created, and its impact on battery cycle life needs to be further
addressed in the fast charging of Li-ion batteries.
Conclusion
Different from previous study on thermal gradient promoted Li
plating through a kinetic perspective (55), we discover that a
nonuniform temperature can cause metallic Li plating due to the
temperature-dependent nature of the equilibrium potential. We
demonstrate metallic Li plating on a graphite electrode above
0 V vs. Li0/Li+ (RT) utilizing a locally heated Li-graphite coin
cell. This elucidated Li-plating mechanism is likely partially responsible for the capacity decay of commercial Li-ion batteries.
To avoid such a failure event, the most straightforward method
may require specializing the configuration of the battery cooling
system to prevent large temperature gradients from building up.
In addition, our work correlates nonuniform temperature
distributions to the heterogeneity of metallic Li plating. We show
that metallic Li plating preferentially happens at high-temperature
regions within a Li-ion battery, under both slow and fast charging
conditions. This is attributed to the locally upshifted equilibrium
potential of Li0/Li+ and reduced kinetic barriers. This observation
is not contradictory to previous works showing aggravated Li
plating under low temperatures (14, 56–58). On the contrary, it
serves as a possible explanation for the heterogeneous Li plating
patterns in these works. Although these cells were cycled under
low environmental temperatures, a spatial temperature variation
might still build up internally, leading to the heterogeneous plating
of metallic Li.

Fig. 5. Metallic Li plating on graphite under fast charging conditions. (A) Voltage curves of graphite electrodes charged under ∼2 C with or without local
heating at the center of the graphite electrode in Li-graphite coin cells. (B) Digital photo of the graphite electrode after fast charging without local heating.
Graphite particles at the center are not intercalated. (C) Digital photo of the graphite electrode after fast charging with local heating. Graphite particles are
intercalated, and metallic Li is also plated at the center.
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under natural convection conditions (10, 38, 42, 47). Under fast
charging of pack level batteries, heat generation rates of batteries
are expected to increase drastically, which further increases the
internal temperature gradient. Under these conditions, more aggressive cooling is needed (7, 13), such as the liquid convection
implemented in a Tesla thermal management system (53). While
an enhanced external cooling helps lower the average temperature
of the battery, it does not necessarily reduce the internal temperature gradient (7, 10, 38, 43, 49). In short, such an internal
temperature variation is likely common during the operation of
commercial Li-ion batteries, especially during the fast charging
processes.

In summary, our study depicts a more complete picture of the
influence of temperature on metallic Li plating during Li-ion
battery operations. It shows that the kinetics, thermodynamics,
average temperature, and spatial temperature distribution all need
to be considered. These findings add to the current understanding
of metallic Li-plating–prompted Li-ion battery capacity decay, and
will inspire future developments of Li-ion batteries with prolonged
cycle lifetime and safety under fast charging conditions.
Methods
Temperature Coefficient Measurement. Temperature coefficient was measured in an H cell inside an argon-filled glovebox with oxygen and water level
below 0.1 ppm. Two identical electrodes (Li foil or graphite) which were
electrically connected to copper clips were placed in the two chambers. For
graphite, a doctor-blade–casted electrode was precycled in a coin cell with a
Li counter electrode to the lowest intercalation voltage plateau, namely a
mixture of LiC12 and LiC6. Subsequently, the coin cell was disassembled, and
the electrode was rinsed, dried and cut into two pieces in an Ar-filled glovebox. Later, the two pieces of graphite electrodes were placed in both
chambers. Next, 1 M LiPF6 in 1:1 (v:v) EC and DEC (Gotion) was added as the
electrolyte, which wetted the electrodes but not the copper clips to avoid
corrosion that could introduce artifacts in the measurement. A PP/PE/PP
separator (Celgard 2325, 25 μm thick) was inserted in the bridge of the H cell
to reduce fluid mixing while allowing ion transport. A thermocouple
(Omega, HSTC-TT-K-24S-36) was installed in each half-cell adjacent to the
electrode surface to measure the temperature of the electrolyte/electrode
interface. A Kapton heater was wrapped around one side of the H cell to
provide uniform heating. During the measurement, the heating power was
adjusted via a direct current Keithley power source. For each heating power
setpoint, temperatures were recorded with a temperature scanner (Omega,
DP1001 AM). OCV between the two electrodes was recorded using a
potentiostat (VMP3, BioLogic).
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Locally Heated Coin Cell Fabrication. A round glass disk (15 mm in diameter,
thickness of 145 μm, Ted Pella, 26024) was selected as the substrate for the
working electrode. To enable heating and temperature measurement abilities, a thin-film line heater which also serves as a temperature sensor was
patterned on one side of the glass disk by thermally evaporating 15-nm titanium (Ti) followed by 160-nm platinum (Pt). The line heater is 104 μm in
width and 2 mm in length, with two contact pads on the ends for electrical
contact. To avoid electrical-resistance drift, the heater was thermally
annealed at 300 °C under argon atmosphere in a tube furnace for 2 h. The
electrical resistance of the heater at difference temperatures was calibrated
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in an environmental chamber (BTU-133, ESPEC). The resistance of the heater
was measured using a potentiostat (VMP3, BioLogic) at least 1 h after each
temperature setpoint to allow adequate time for the samples to reach
thermal equilibrium.
After fabrication of the heater, the current collector of the working
electrode was thermally evaporated on the backside of the glass disk, which
consists of a 15-nm Ti adhesion layer and a 200-nm copper (Cu) layer. For Ligraphite cells, graphite (TIMCAL), Ketjenblack (EC-300J; AkzoNobel) and
polyvinylidene fluoride (PVDF) (8:1:1, wt.) slurry was doctor-blade–casted
onto the Cu current collector. Coin cells (CR 2032) were modified to have
an opening (6 mm in diameter) on the cathode case. The glass disk was then
attached to the cathode case with the heater facing outward through the
opening, and sealed with polydimethylsiloxane (Dow Corning Sylgard 184,
10:1 ratio, cured at 100 °C). Li foil (thickness of 750 μm) was used as the
counter electrode. Four layers of PP/PE/PP separators (Celgard 2325, 25 μm
thick) were sandwiched between working electrode and counter electrode;
100 μL of 1 M LiPF6 in 1:1 (v:v) EC/DEC (Gotion) was added as the electrolyte.
Locally Heated Coin Cell Testing. The assembled coin cell was placed within a
hand-machined fixture shown in Fig. 2F. Two pogo pins were pressed onto
the contact pads of Pt line-heater to provide local heating. Two Cu foil strips
were welded onto the cathode and anode case for battery cycling. A Biologic potentiostat (VMP3, BioLogic) was used for both local heating and
battery testing. During the experiment, one channel was connected to the
pogo pins, and arbitrary voltage can be applied to the Pt line-heater and
tuned during the experiment for various heating powers. Another channel
was connected to the cathode and anode of the coin cell, to either short the
battery (for Li–Cu cell) or charge the graphite electrode under galvanostatic
conditions (for Li-graphite cell). After the experiment, the coin cells were
disassembled immediately inside a glove box. The working electrodes were
rinsed with DEC to remove salt residues for optical imaging and subsequent
characterizations.
Characterizations. SEM was performed using an FEI Magellan 400 XHR. XRD
characterizations were conducted on Bruker D8 Venture with Mo radiation,
and the data shown in the manuscript were transformed to patterns under Cu
radiation.
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