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ABSTRACT: Severe capacity loss during cycling of lithium-metal
batteries is one of the most concerning obstacles hindering their
practical application. As this capacity loss is related to the variety of
side reactions occurring to lithium metal, identification and
quantification of these lithium-loss processes are extremely
important. In this work, we systematically distinguish and quantify
the different rates of lithium loss associated with galvanic
corrosion, the formation of a solid−electrolyte interphase, and
the formation of electrically isolated lithium metal (i.e., “dead”
lithium). We show that the formation of “dead” Li is accelerated
upon cycling, dominating the total lithium loss, with much slower
rates of lithium loss associated with galvanic corrosion and
formation of the solid−electrolyte interphase. Furthermore,
photoacoustic imaging reveals that the three-dimensional spatial distribution of “dead” Li is distinctly different from that of
freshly deposited lithium. This quantification is further extended to a solid-state Li/Cu cell based on a Li10GeP2S12 solid-state
electrolyte. The lithium loss in the solid-state cell is much severer than that of a conventional lithium-metal battery based on a liquid
electrolyte. Our work highlights the importance of quantitative studies on conventional and solid-state lithium-metal batteries and
provides a strong basis for the optimization of lithium-metal electrochemistry.
KEYWORDS: electrically isolated lithium, lithium-metal battery, lithium-loss rate, gas chromatography, photoacoustic imaging

■ INTRODUCTION

With the increasing demand for more energy-dense energy
storage systems, lithium-metal batteries have been brought
back to the main stage. The theoretical capacity of lithium
metal is 3860 mA h g−1, which is 10 times higher than that of a
graphite anode. Therefore, lithium metal is expected to play an
essential role in the next-generation batteries with substantially
increased energy density.1,2 The recent development of anode-
free cells can further increase the energy density but places
even more stringent requirements on the stable cycling of
lithium-metal anodes.3

The capacity loss associated with lithium-metal cycling is
significant and, when combined with safety issues, greatly
limits the application of lithium-metal anodes in practical cells.
To meet the commercial use requirements for electric vehicles,
lithium-ion batteries need to achieve 80 or 90% capacity
retention for over 1000 cycles or 500 cycles, respectively
(according to GB/T 31484-2015, National Standard of the
People’s Republic of China).4 For a lithium-metal battery with
80% capacity remaining after 1000 cycles, an average
Coulombic efficiency (CE) of 99.9% is needed, when 80%
lithium-metal excess is applied.5 However, state-of-the-art Li-
metal batteries can only achieve an average CE of 99.8% for
several tens of cycles and may experience sudden “death” when

operated for an extended time.2,6−8 A 0.1% difference in the
CE can result in a large difference in the cycle life.5,9 Anode-
free Li-metal batteries experience more acute capacity loss
during cycling (down to 80% within a few tens of cycles).10 It
is therefore extremely important to identify the processes that
cause Li loss and to quantify the rate of these loss processes
with high precision for the development of scientific and
engineering approaches to optimize Li-metal electrochemistry.
The capacity loss processes in Li-metal batteries are

complicated.11,12 Solid−electrolyte interphase (SEI) forma-
tion, galvanic corrosion, and the formation of electrically
isolated lithium metal (also called “dead” Li) all cause Li loss.
In the following discussion, we use Li+ and Li0 loss to denote
the formation of Li+-containing decomposition products (such
as LiF and Li2O in the SEI formation and/or galvanic
corrosion processes) and the formation of electrochemically
inactive Li metal (“dead” Li), respectively.13−19
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SEI formation and galvanic corrosion are two important Li+-
loss processes. SEI formation starts immediately when highly
reactive lithium metal is immersed in a liquid electrolyte,
producing reductive decomposition products of the liquid
electrolyte.20−23 The SEI blocks electrons and limits ion
transport to the Li metal, increasing the charge-transfer
resistance associated with the Li+/Li redox reaction. The
morphology and composition of the SEI also significantly affect
the deposition morphology of lithium metal.20,24−28 A widely
accepted model for SEI growth between alkali metals and
nonaqueous electrolytes was proposed by Peled in 1979.21 The
growth of the SEI thickness (LSEI) with respect to time (t)
follows a power law as LSEI ∝ tβ (including both rest and
battery cycling time periods), where β typically ranges between
0.2 and 0.5. However, recent works using cryogenic electron
microscopy (cryo-EM) have revealed the layered/mosaic
structures of the SEI, indicating that the growth of the SEI
layer is a rather complex process.29−31

Galvanic corrosion occurs when two dissimilar metals are in
contact, e.g., the Li-metal anode and the Cu current collector,
in the presence of a liquid electrolyte.17,18 During the corrosion
process, Li metal is oxidized to Li+, releasing electrons through
the Cu current collector, where the liquid electrolyte gets
reduced, forming a Li+-containing layer on the Cu surface. The
zero resistance ammetry (ZRA) method can be used to
measure galvanic corrosion current density between two
metals.32,33 The galvanic corrosion current density of Li/Cu
cells was previously observed to be approximately 0.1−0.2 μA
cm−2 for cells with a rest period of 100 h.17,18

“Dead” Li forms when metallic Li becomes electrically
isolated, during the stripping and plating processes. Although
the formation of “dead” Li does not directly affect the charge-
transfer resistance associated with the Li+/Li redox reaction, it
can consume the liquid electrolyte if the fresh Li-metal surface
is exposed. Both galvanic corrosion and SEI growth can lead to
“dead” Li formation.18,20 2D techniques, e.g., operando optical
imaging and battery thickness measurements were used to
probe “dead” Li.34−37 Spectroscopically, the pioneering work
from Fang et al. introduced titration gas chromatography
(TGC) into “dead” Li quantification. They identified “dead” Li
formation as the primary source of Li loss.38 This method was
also applied to quantify different decomposition products on
battery anode surfaces.39−41 7Li nuclear magnetic resonance
(NMR) spectroscopy is another powerful tool for the
quantification of “dead” Li.42−44 These NMR and TGC
studies suggest that the contribution of “dead” Li formation to
the total capacity/Li loss varies with the electrolyte
composition, current density, and structure of the current
collector.
In this work, we combined gas chromatography (GC) and

electrochemical cycling with impedance spectroscopy to
systematically distinguish and measure the rates of the Li+

and Li0 loss processes in LiPF6-carbonate liquid-electrolyte Li/
Cu cells, where Li+ loss was resulted from SEI formation and
galvanic corrosion and Li0 loss was resulted from “dead” Li
formation. The rates of these Li loss processes are currently
not available in the literature, which are, however, extremely
important to battery life prognosis and which determine the
long-term cycling performance of Li-metal batteries. In this
work, the growth of “dead” Li was observed to accelerate as
cycling proceeded, whereas the rate of Li+ loss remained
almost constant and was much slower. Furthermore, we
employed photoacoustic (PA) imaging for 3D visualization of

the “dead” Li on the Cu surface after extended cycling. The
morphology of “dead” Li was revealed to be distinctly different
from that of freshly deposited Li. Our previous works
demonstrated the feasibility of using PA imaging for 3D
visualization of Li metal with high temporal resolution and
high sensitivity at the micrometer scale.45,46 Finally, we applied
a similar quantification method on a Li/Cu solid-state cell with
a Li10GeP2S12 (LGPS) solid-state electrolyte. More than 99%
of the Li loss was tied to the interphase formation, in stark
contrast to that in a similar cell with a LiPF6-carbonate liquid
electrolyte.

■ EXPERIMENTAL SECTION
Cell Preparation and Cycling. Lithium-metal foils (Oujin,

Shanghai, 5 mm diameter, 300 μm thickness) were used as the lithium
source and anode material. Thick Cu pellets (10 mm diameter, 1 mm
thickness) were used as both negative and positive current collectors.
Celgard 2500 (25 μm) was used as a separator. LiPF6 (1 M) in
ethylene carbonate (EC):diethyl carbonate (DEC):dimethyl carbo-
nate (DMC) (1:1:1 volume ratio, Sinopoly, China, 120 μL) was used
in each cell. The stacked cell components were sealed in coin cells
(CR2025). Assembly of the cells was conducted in an argon-filled
glovebox (Mikrouna, O2 and H2O < 0.1 ppm). Galvanostatic cycling
with a current density of 1 mA cm−2 (0.196 mA) was performed for
all the cells. The discharge time was 2 h, and the cutoff voltage was set
to ±1 V. Electrochemistry measurements were performed using a
Neware battery test system. For the solid-state cells, Li/Cu half-cells
were assembled layer-by-layer in a sequence of Cu pellets (10 mm
diameter, 1 mm thickness), the Li10GeP2S12 solid-state electrolyte (10
mm diameter, 1.4 mm thickness, Kejing, MTI), and lithium-metal
foils (7 mm diameter, China Energy Lithium) in an EQ-PSC-type
pressure-controlled split coin cell (Kejing, MTI). Solid-state electro-
lyte pellets were prepared by cold pressing with a uniaxial pressure of
4 tons in a 10 mm stainless-steel die. Assembly of the solid-state cells
was conducted in an argon-filled glovebox (Mikrouna, O2 and H2O <
0.1 ppm). A current of 0.100 mA (current density of 1.3 mA cm−2)
was selected for galvanostatic cycling with cutoff voltages of ±1 V.
Electrochemistry measurements were conducted on the same
equipment as the cells with the liquid electrolyte.

GC Measurements. The cells after cycling were disassembled in a
glovebox. The Cu current collectors on the positive side and
separators were collected from the cells. The current collectors and
separators were transferred into flasks (∼80 or ∼140 mL), which were
sealed with rubber stoppers. An excess amount of deionized water (2
mL) was injected into the flask in each titration. After a full reaction, 1
mL of gas was extracted from the flask and injected into the GC
instrument (GC-14B, Shimadzu). The retention time from 0 to 2 min
was recorded to reveal the H2 and air peaks. The concentrations of H2
in the flasks were determined by comparing the peak areas at ∼0.75
min with calibrations from standard H2 gas. For the solid-state cells,
the Cu current collectors were collected after cycling and sealed in 20
mL headspace vials for GC measurements. An excess amount of
deionized water (5 mL) was injected into the headspace vials in each
titration. 1 mL of gas was extracted from the vials and injected into
the GC instrument using the same approach as that used for the
liquid-electrolyte cells. The concentrations of H2 within the vials after
titration were determined after recording, calibration, and integration.

PA Imaging. PA imaging is a noninvasive and high-resolution 3D
imaging technique that reveals the intrinsic contrast in the local
optical absorption coefficients of a sample.47 During PA imaging,
pulsed light is typically excited on the sample to induce acoustic
waves, which are then detected and transformed into electrical signals
to form images. In particular, the time of flight (ToF) of the detected
acoustic waves can provide height-resolved information, thus enabling
morphological observation. In the experiment, the Li/Cu cell after 45
cycles was disassembled, and the positive Cu current collector with
“dead” Li on the surface was sealed inside a polyethylene plastic bag
with liquid electrolyte inside as a coupling agent. The sample was then
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stuck to the sample stage for scanning. A home-built probe-based PA
microscope (Figures S6 and S7) with a lateral resolution of ∼3.15 μm
(Figure S8) and an axial resolution of ∼28.5 μm (Figure S9) was used
to acquire PA images. Pulsed laser light (532 nm) with a pulse energy
of ∼73 nJ (to avoid damage to the Li metal by excitation light) was
focused on the sample to excite PA signals.46 A PA image of a 10 × 10
mm2 region was acquired to include the entire current collector
surface. With a voxel size of 8 × 8 × 7.4 μm3, the imaging process
took ∼70 min.
EIS Measurement. EIS measurements were conducted on a

Biologic SP-200. The polarization voltage was set to 10 mV over the
open-circuit voltage, and the frequency range was set to 7 MHz to 0.1
Hz. The impedance data were fitted with Zview. Only the semicircle
in the intermediate frequency region was analyzed, which represents
the impedance of the interphase layer.

■ RESULTS
Accelerated Accumulated Li Loss. In a Li/Cu half-cell

cycling experiment, we first moved lithium ions from the
lithium metal to the Cu current collector under a current
density of 1 mA cm−2 (0.196 mA) for 2 h. Then, by switching
the direction of the current, the deposited Li metal was
stripped from the Cu surface and was plated back on the
lithium-metal surface. The CE of this cycling process is the
ratio of the charge duration (less than 2 h) to the discharge
duration (2 h)

= =
Q

Q

t

t
CE

charge

discharge

charge

discharge

We prepared 7 cells, which were cycled for either 1, 5, 10,
15, 20, 25, or 30 cycles. These cells were used in the GC
analysis, as will be discussed below. The charge and discharge
curves of these cells are presented in Figure S1. An excess
amount of Li metal was used (with a total areal capacity of
approximately 60 mA h cm−2 for a 300 μm lithium foil),
ensuring 2 mA h cm−2 of lithium deposition for each cycle.
However, not all the lithium could be stripped back in the
subsequent charging, resulting in a sudden increase in the
voltage, reaching a cutoff voltage of 1 V. The cells showed
similar CE changes over cycles (as shown in Figure S2).
Despite the CE fluctuation in the first cycle, the CEs of all the
cells first increased to approximately 85% followed by a
decrease in the CE and were finally stabilized at approximately
80%. In Figure 1, the CE for the cell cycled 30 times is shown
on the left y-axis. For each cycle, 15 to 20% CE loss was
observed. These CE losses are the combined result of galvanic
corrosion, SEI formation, and electrically isolated lithium-
metal formation on the Cu and lithium-metal surface, as
discussed above.

The accumulated Li loss in terms of mA h for the 30-cycle
cell was calculated after each cycle and is plotted versus time in
Figure 1 (right y-axis). According to previous analysis on
capacity loss in Li-ion batteries, the accumulated capacity loss
follows a power function law.48,49 In our experiments, we
observed that the power function fitting, ∑ΔQ = atβ, where
∑ΔQ is the accumulated Li loss, a is a constant, t is time, and
β is a scaling factor, fitted well with the experimental data (R2 =
0.99). For this Li/Cu cell, the scaling factor β was calculated to
be 1.33 (see Figure S3 for the fitting curve and fitting
parameters). This result indicates that in Li-metal or anode-
free batteries for a longer cycle time, the accumulated capacity
loss, or Li loss, is accelerated, different from that of Li-ion
batteries, where carbon was used as the anode (the
experimental and modeling scaling factors were all less than
1).12,48,49 We will discuss the origin of this accelerated
accumulated capacity loss in the following section.

Accelerated Li0 Loss. GC measurements were used to
quantify the Li loss in the form of “dead” lithium formation
(denoted as Li0 loss) as a function of time. The analysis of GC
data follows the reaction

+ → + ↑2Li H O 2LiOH H2 2

The Cu current collector was collected after one or several
full cycles. Then, an excess amount of water was used to react
with the “dead” lithium metal that could not be stripped from
the Cu current collectors. By measuring the gas concentration
of H2 in the reaction, the amount of metallic Li was calculated
according to the ideal gas equation and the stoichiometry of
the reaction presented above. By the time of submission of the
current work, we noticed an X-ray diffraction study of SEI
components formed on the Li-metal surface in Li/Cu cells.50

This work suggested the presence of crystalline LiH in the SEI
of the Li-metal anode. Therefore, a small amount of LiH might
also be present in our cells. Because the reaction of LiH with
water also produces H2 gas, the actual amount of “dead” Li can
be smaller due to the possible existence of LiH. Therefore, the
absolute amount of “dead” Li derived in our work should be
considered as an upper bound. The GC profile is plotted as a
function of retention time in Figure 2a. The peaks with a
retention time of ∼0.75 min, shaded in blue, correspond to H2.
The other peaks located at a retention time of approximately
1.45 min indicate the presence of air, corresponding to the
remanent air in the needle of the syringe used in the
measurements. The separators from these cells were also tested
by GC, which revealed that the Li loss in separators (stemming
from the sample preparation or lithium protrusions in the
separator) did not affect the accuracy of the GC results. The
amount of produced H2 from the reaction with “dead” Li on
the Cu surface (left figure in Figure 2a) was much larger than
that from the separators (inset figure in Figure 2a). The
derived amount of metallic Li detected in the separators was
less than 1% of that on the Cu surfaces (Table S1). Thus, in
this work, the Li loss in the separators is neglected. However, it
is intriguing to note that such a limited amount of Li loss in the
separators can in fact short-circuit Li-metal batteries. Once the
amount of “dead” Li (or Li0 loss) is known, the Li+ loss can be
determined by subtracting the amount of Li0 loss from the
total Li loss, where the total Li loss is calculated by adding up
the losses in capacities (in mA h) for every cycle.
The rates of capacity loss in the form of “dead” Li and in the

form of Li+ through parasitic reactions were then measured,
which revealed that the Li0 loss rate accelerated while the rate

Figure 1. CE and accumulated Li loss (in mA h) of the Li/Cu cell
cycled for 30 cycles.
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of total Li+ loss remained unchanged in the first 30 cycles.
Figure 2b shows the Li loss contributions (in mol) from Li0,
resulting from “dead” Li formation, and from Li+ (from SEI
formation and corrosion) for the cells after 1, 5, 10, 15, 20, 25,
and 30 cycles. “Dead” Li formation contributed to more than
75% of the total Li loss for all the cells, as shown in Table 1.

The rates of Li0 and Li+ losses were extracted by fitting the data
in Figure 2c. A power function (∑ΔQ = atβ) fitted the growth
of “dead” Li well with an R2 of 0.99. This finding is consistent
with Peled’s model albeit with a much larger scaling factor β of
1.41.21 However, for Li+, a linear function fits better than a
power function (R2 of 0.99). The Li+ loss rate was calculated to
be 0.00304 mA. This result indicates that 1.55% of the 0.196
mA Faradic current during charging and discharging was
constantly wasted by the Li+ loss. The fitting parameters are
listed in Table 2, and the fitted curves are presented in Figure
2c. We note that the scaling factor of the power function fitting
for Li0 was very close to that for the accumulated Li loss (1.41
vs 1.33). However, the growth rate of Li+ was much lower, in
particular after extended cycling. These results suggest that the
accelerated growth of the accumulated Li loss is dominated by
the accelerated “dead” Li formation.
3D Spatial Distribution of “Dead” Li. We compared the

spatial distribution of freshly deposited Li with that of “dead”

Li to determine if the “dead” Li showed any particular growth
pattern on the Cu current collector. In our previous work, we
examined the surface of freshly deposited lithium (∼10 mA h
cm−2) using PA imaging.46 The freshly deposited lithium had
an average height of ∼44.35 μm with a relatively smooth
surface in the center. In this work, the 3D spatial distribution
of “dead” Li on the Cu current collector surface after 45 cycles
was investigated using PA imaging. Using the power function
developed in the previous section, the amount of “dead” Li was
estimated to be close to 10 mA h cm−2. A schematic
illustration of a sample under PA imaging is presented in
Figure 3a. Imaging was performed by scanning on the x−y
plane. The height-encoded map of the current collector surface
is displayed in Figure 3b. This figure presents the relative
height of “dead” Li with respect to the lowest point on the
current collector surface, which is also the reference height
(i.e., height of 0 μm in Figure 3b). The (absolute) height
distribution of “dead” Li was then calculated by point-to-point
subtracting the surface height of the Cu substrate from the
height-encoded map, following the same protocol as in our
previous work.46 The variations in the surface height of the Cu
current collector are within the range of ±4 μm (Figure S10).
Thus, we consider that our measurements of the “dead” Li
height in this work are relatively robust. Although the height
information obtained from PA imaging neglected the complex
microstructures in the “dead” Li bulk (e.g., pore distribution),
statistical analysis on the height distributions offered a direct

Figure 2. (a) GC profile of water titration experiments for Cu current collectors (left) and separators (right) of the cells that were cycled for 1, 5,
10, 15, 20, 25, and 30 times. The peaks at a retention time of ∼0.75 min correspond to detected H2 (shaded in blue). The inset presents an
enlarged view of the black-dashed region. (b) Li amount (in mol) contributed by Li0 and by Li+ (obtained by subtracting the Li0 loss from the total
Li loss obtained from electrochemistry) with respect to time. (c) Li0 and Li+ loss in mA h. The former is fitted by a power function (fitted curve 1),
and the latter is fitted by a linear function (fitted curve 2).

Table 1. Percentages of Li0 and Li+ of the Total Li Loss

cycle number Li0 (%) Li+ (%)

1 81.15 18.85
5 76.84 23.16
10 77.60 22.40
15 79.62 20.38
20 81.65 18.35
25 82.21 17.79
30 83.02 16.98

Table 2. Fitting Parameters for the Power Function of the
Amount of Li0 Loss and for the Linear Function of the
Amount of Li+ Loss

fitted curve 1 fitted curve 2

a 0.00193 intercept −0.02238
β 1.41 slope 0.00304
R2 0.99 R2 0.99
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comparison between the freshly deposited lithium metal and
“dead” Li in terms of their topology. The average height of
“dead” Li was calculated to be ∼39.76 μm, which is
comparable to that of the freshly deposited Li. Significant
height variance, however, was observed across the lithium
surface, as shown in Figure 3c. Figure 3d shows the height
distribution of freshly deposited Li and “dead” Li within a 1.8
× 1.8 mm2 region selected from the central part of Li. The
much more scattered distribution of the height of “dead” Li

suggests that the heterogeneity of Li plating and stripping
develops rather quickly with cycling.

■ DISCUSSION

Rates of Different Li-Loss Processes. Of the three routes
of Li loss, the Li0 loss due to “dead” Li formation dominated
the total Li loss (more than 75%), and “dead” Li formation
accelerated as cycling proceeded following a power function of
∑ΔQ = 0.00193t1.41. This phenomenon may be linked to the
sudden “death” of Li-metal batteries commonly reported in the
literature.6,7 The total Li+ loss rate is a constant (i.e., 0.00304
mA). It consists of two parts (SEI formation and galvanic
corrosion), which occur concurrently during battery rest and
cycling processes and share similar compositions. This makes it
challenging to distinguish the rates of these two Li+-loss
processes. However, as discussed in the Introduction, the
surface layer built upon “dead” Li, in principle, does not
directly affect the charge-transfer resistance associated with the
Li+/Li redox reaction, whereas interphases generated in the
Li+-loss processes do. This provides us with an opportunity to
follow the rate of different Li+-loss processes in terms of Ω h−1

through impedance spectroscopy using a carefully designed
cycling protocol. We note that this rate (Ω h−1) is not yet
directly comparable to the rate (mA) derived from GC and CE
measurements.
EIS analysis was performed for a Li/Cu cell using the

following cycling protocol to probe the rates of different Li+-
loss processes. The cell was rested for 12 h before cycling for
15 cycles (under 0.196 mA, 2 h discharge). During the rest
process, the interphase grows both on Li metal, as a result of
the chemical reaction between Li and the electrolyte (i.e., the
chemically formed SEI), and on the Cu current collector as a
result of galvanic corrosion. The resistance increase thus
reflects these two processes of interphase growth. During the
cycling process, Li is stripped from Li metal and deposits on
the other side of the cell. The SEI continuously forms on the
fresh Li metal surface through electrochemical reactions during
cycling. In addition, the contact between Cu and the freshly
deposited Li metal causes further galvanic corrosion in the
cycling. As cycling proceeded, once the interphase layer on the

Figure 3. (a) Schematic illustration of the sample surface in a
standard coordinate system under PA imaging. An x−y height-
encoded map is shown in (b) with a 1 mm scale bar. (c) 3D image of
the “dead” Li on the Cu surface. (d) Height distribution of a 1.8 × 1.8
mm2 region on freshly deposited Li (10 mA h cm−2) and “dead” Li
(approximately 10 mA h cm−2).

Figure 4. The calculated resistance and corresponding electrochemistry are shown in (a). The shaded area in pink corresponds to the rest process,
and the shaded area in yellow corresponds to the cycling process. The impedance data are shown in (b), with the imaginary and real parts of the
impedances shown on the y and x axes, respectively. The inset figure shows the equivalent circuit used for impedance fitting of the high-frequency
arc. Through this fitting, the charge transfer resistance can be extracted.
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Cu surface was stabilized, the Li+ loss was dominated by the
electrochemical SEI. After 15 cycles, another rest of 36 h
followed. During the second rest process, the Li+ loss was
dominated by the chemically formed SEI, where fresh lithium
metal was again exposed to the liquid electrolyte. The
impedance was measured every 4 h during the first rest, after
cycling, and every 12 h during the second rest. The
electrochemistry and calculated resistances are presented in
Figure 4a (see Table S2 for fitting parameters). The EIS profile
at each time point is shown in Figure 4b. The electrochemistry
and EIS analysis of a similar cell without the second rest is
presented in Figure S11 and Table S3 of the Supporting
Information. From the EIS results, during cycling, the
resistance growth rate is 2.07 Ω h−1. In the first rest, the
resistance first quickly increases to 168.20 Ω following a rate of
15.23 Ω h−1 in the first 4 h and then remains almost
unchanged (also shown in Figure S11). In the second rest, the
resistance growth is significantly slower (1.46 Ω h−1).
On the basis of electrochemistry and the GC and EIS data,

we now discuss the different Li loss processes and their rates
(Figure 5). From state 1 (before cycling) to state 2 (toward the
end of rest), the interphase layer grows both on the Li and Cu

surfaces as a result of the chemically formed SEI and galvanic
corrosion with a resistance growth rate of 15.23 Ω h−1. State 3
to state 7 represent the interphase formation process
(electrochemically formed SEI and galvanic corrosion process)
together with possible “dead” Li formation both on the Li
metal and the Cu current collector during cycling. For these
states, the resistance growth rate is 2.07 Ω h−1. In addition, the
rate of the amount of Li+ loss is 0.00304 mA, whereas the
amount of “dead” Li grows following the power function
(∑ΔQ = 0.00193t1.41). If after one discharge and charge cycle,
the cycling is stopped, then the resistance growth is attributed
to the SEI formation on the newly exposed lithium-metal
surface, similar to state 5 to 6 in Figure 5, with a rate of 1.46 Ω
h−1. This could explain the distinctly slow rate of resistance
growth in the second rest period in Figure 4a, as most of the
surface in the cell is already covered by the interphase layer. If
the cycling continues, then Li metal is deposited on the
positive Cu surface again, as shown in state 7 (Figure 5). The
interphase layer grows during cycling following an iteration
from state 4 to state 7.

Li Loss in Solid-State Cells. GC measurements were then
extended to quantify Li loss in Li/Cu solid-state cells with an

Figure 5. Interphase layer growth in a Li/Cu cell during rest and the initial cycles. State 1 to 2 shows the interphase that is formed on the Cu and
lithium metal caused by galvanic corrosion and typical chemical SEI, respectively. State 3 shows the fresh lithium metal deposition on the positive
Cu surface. From state 3 to state 4, the interphase is formed on the positive side through galvanic corrosion and electrochemical SEI formation.
State 5 shows the formation of “dead” lithium and the fresh lithium metal protruded from the SEI layer on the negative side. From state 5 to 6, the
SEI is formed on the freshly exposed lithium metal. State 7 shows lithium metal deposition on the positive side in a new discharge.
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LGPS solid-state electrolyte (Figure S5). The cell was rested
for 12 h before cycling at a current density of 0.1 mA. From the
electrochemistry, as shown in Figure 6a,b, almost no lithium

stripping was observed in the first 5 cycles, thus close to 100%
Li loss, while Li “plating” always occurred. As previous
simulation and experimental works have shown that LGPS is
not thermodynamically stable against a Li metal forming mixed
conducting interphase,51−56 this suggests that Li can be lost in
Li+ due to interphase formation and/or in Li0 due to the loss of
physical contact between Li and LGPS or the current collector.
The GC measurements as shown in Figure 6c revealed that
over 99% of the Li loss in the Li/LGPS/Cu solid-state cells was
due to interphase formation and thus Li+ loss (Li0 loss
contributes only 0.4%), in stark contrast to that in liquid cells,
where Li0 loss dominated. Limited improvement of the lithium
metal reversibility was observed with longer cycles (Figure S4),
as evidenced by the more profound stripping behavior. For a
Li/LGPS/Li symmetric cell, where an excess amount of Li
metal is provided at both ends, such behavior would be masked
by “normal” plating and stripping electrochemistry. Therefore,
testing with a Li/Cu asymmetric cell is clearly much more
informative. The remaining question, however, is whether the
Li+ loss is only caused by reactions between Li metal and
LGPS or whether a similar galvanic corrosion process also
exists. Cracks can also affect the Li plating and stripping
processes. During cycling, cracks can form at the surface of a
solid electrolyte due to volume expansion of electrodes.57

These cracks prohibit Li ion transport at the interface and
hence increase interfacial resistance.

■ CONCLUSIONS
We observed that the Li loss in Li/Cu half-cells with a LiPF6-
carbonate electrolyte is dominated by “dead” Li formation (Li0

loss). The Li0 loss was observed to accelerate as cycling
proceeded. Furthermore, PA imaging was used to examine the

3D morphology of “dead” Li, indicating that heterogeneity of
Li plating and stripping develops quickly during the first tens of
cycles. By combining GC and EIS measurements, the Li loss
rates of different processes (SEI, galvanic corrosion, and “dead”
Li) were also quantified. Finally, GC analysis on Li/LGPS/Cu
solid-state cells revealed that interphase formation consumed
almost all of the lithium metal (more than 99%), leading to no
Li stripping during charging. This finding indicates that the
interface reaction between Li and LGPS is extremely severe.
However, such a behavior can be masked in a Li/Li symmetric
cell. We thus suggest the use of Li/Cu asymmetric cells in the
evaluation of compatibility between Li and solid-state
electrolytes in future studies. Overall, our work quantified
the rates of different Li loss processes in Li-metal batteries,
which is extremely important for battery life prognosis and
battery design. Our work, together with several recent reports
of other groups, further highlights the importance of
quantitative studies in Li-metal and solid-state batteries.
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