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C H E M I S T R Y

The carrier transition from Li atoms to Li vacancies 
in solid-state lithium alloy anodes
Yang Lu1, Chen-Zi Zhao1,2, Rui Zhang3, Hong Yuan3, Li-Peng Hou1, Zhong-Heng Fu1, Xiang Chen1, 
Jia-Qi Huang3, Qiang Zhang1*

The stable cycling of energy-dense solid-state batteries is highly relied on the kinetically stable solid-state Li alloying 
reactions. The Li metal precipitation at solid-solid interfaces is the primary cause of interface fluctuations and 
battery failures, whose formation requires a clear mechanism interpretation, especially on the key kinetic short 
board. Here, we introduce the lithium alloy anode as a model system to quantify the Li kinetic evolution and tran-
sition from the alloying reaction to the metal deposition in solid-state batteries, identifying that there is a carrier 
transition from Li atoms to Li vacancies during lithiation processes. The rate-determining step is charge transfer 
or Li atom diffusion at different lithiation stages.

INTRODUCTION
Research into Li kinetics has spanned several decades since the in-
vention of lithium batteries (1). Li kinetics in liquid electrolytes has 
been thoroughly investigated according to the laws of physical 
chemistry (2). Recently, with the booming of solid-state batteries 
with enhanced energy density and safety, Li kinetics is involved in 
the brand-new areas with solid-state ionics and electrochemistry 
(3, 4). The solid-state lithium batteries still suffer from the uneven Li 
electrodeposits and dendrite-induced failure even with solid-state 
electrolytes having high mechanical strength. To overcome the di-
lemma, a basic understanding toward solid-state Li kinetics is 
essential to distinguish the rate-determining step in battery cycling. 
However, the research into solid-state Li kinetics confronts chal-
lenges. Conventional knowledge of Li kinetics in liquid-electrolyte 
systems exhibits discrepancies comparing with that in all-solid-
state systems. The conventional Li kinetics for Li plating in liq-
uid electrolytes includes the liquid diffusion, adsorption, solvation 
sheath breakup, ion transport in solid electrolyte interphase, charge 
transfer, and the subsequent atom diffusion on anodes (5). The pos-
sible rate-determining steps in liquid systems are the ion transport 
or desolvation processes. In solid-state systems however, there is a 
space charge layer comparable to the electric double layer in solvation 
systems (6). The special solid-solid contact and solid-state conduc-
tion will also influence the ionic flux, the mass transport, and inter-
facial reactions (7). Therefore, the electrochemical Li kinetic theories 
based on liquid systems cannot be completely inherited by solid-
state systems. Because of the absence of liquid wetting, the mass 
transport relies on the solid-state diffusion, which is determined by 
special carriers (e.g., ions, atoms, or vacancies). Therefore, identi-
fying the carriers for the Li mobility and the rate-determining step 
is essential to understand solid-state Li kinetics.

Mass transport and interfacial charge transfer are key processes 
in solid-state batteries (8). The intrinsic rapid charge transfer at ideal 
Li metal/electrolyte interfaces is proven by a high exchange current 
density of >300 mA cm−2 (9). Hence, the lithium diffusion determines 

the morphological stabilities (10). Nevertheless, the carriers of the 
Li mobility process and pivotal rate-determining step during the 
Li plating processes have not been determined due to the absence of 
a quantitative research. Among various lithium anodes, Li alloys can 
minimize the influence of the interfacial chemical reaction and also 
display different diffusion characteristics with different Li contents 
(11, 12). Consequently, Li alloy anodes work as ideal model systems to 
investigate Li kinetic features with different lithiation stages. In addi-
tion, the Li alloy anode is also a strong candidate for next-generation 
energy-dense anodes. A quantitative investigation of Li kinetics in 
solid-state batteries will greatly promote their practical applications.

Here, we treat Li-In alloy as a model system for screening the 
rate-determining step and carrier species in Li kinetics. The kinetic 
transition from alloying to metal deposition is found, and their evo-
lution processes are in situ monitored by galvanostatic electrochemical 
impedance spectra (GEIS) analyzed by distribution of relaxation 
time (DRT). The Li atomic diffusion and charge transfer are quan-
tified and compared during the whole lithiation process, indicating 
the rate-determining step of lithiation processes. The rapid Li atomic 
diffusion (>10−11 cm2 s−1) and a rapid charge transfer avoiding Li 
metal nucleation guarantee the stable alloying process, while the 
decayed charge transfer will trigger the transition from alloying to 
metal deposition. The kinetic transition indicates the alternation of 
carriers in bulk diffusion from Li atoms to Li vacancies, which de-
termines the electrochemical and morphological stabilities.

RESULTS
The lithiation process
The lithiation behaviors of Li-In alloy in continuous lithium plating 
are shown in Fig. 1, which are conducted with Li7P3S11 sulfide 
solid-state electrolytes (SSEs) with a high ionic conductivity. The 
whole lithium plating process exhibits three obvious plateaus in 
Li-In alloy, delivering the voltages of 0.59, 0.32, and −0.10 V under 
a current density of 1.0 mA cm−2 (Fig. 1A). The smooth lithiation 
profiles of LixIn (x < 1.25) demonstrate a stable Li plating process in 
a Li-In alloy. A drastic fluctuation at the third discharge plateaus 
can be observed, indicating a failure of the Li-In alloy. The Li con-
tent at x = 1.25 separates the profiles of stable and unstable regions. 
Therefore, this Li content is defined as the critical Li contents of a 
Li-In alloy. The corresponding phase compositions are displayed in 
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Fig. 1B. The first and second discharge plateaus show a major phase 
of LiIn with some discrepancies on peak intensities. Subsequently, 
the phase compositions convert into Li3In2 at the third discharge 
plateau. These results prove the occurrence of phase transitions with 
increasing lithium contents. In addition, the interfacial properties 
between SSEs and Li-In alloy are unraveled by x-ray photoelectron 
spectroscopy. We compare the In three-dimensional results of the 
initial Li-In phase (first discharge plateau) and final stages (third 
discharge plateau) in fig. S1. Their interfacial properties demon-
strate the existence of Li-In alloy (442.8 and 449.8 eV) and In2S3 
(444.2 and 451.5 eV) (13).

Meanwhile, the interfacial lithium distribution is highly depended 
on the lithium contents. To detect the interfacial Li distributions, 
the time-of-flight secondary ion mass spectroscopy (TOF-SIMS) is 
conducted to probe Li and In distribution on the cross section of 
alloy/SSE interfaces at different lithiation stages. The focused ion 
beam (FIB) technique is used to cut a cross section of Li-In/SSE 
interface for TOF-SIMS imaging (fig. S2). Figure 1C exhibits the 
TOF-SIMS mapping of Li, which delivers a homogeneous inter-
facial Li distribution with low lithium contents (x = 1 in LixIn). The 
color intensity from red to blue represents the relative element con-
centration. Comparatively, local Li accumulation can be identified 
at the electrode-electrolyte interfaces in the lithiation stage over 
critical Li contents (x = 1.5 in LixIn; Fig. 1D). The signals of indium 
clearly distinguish the interface regions. Li signals at the interfaces 
demonstrate the termination of Li alloying process with the emerging 
of Li metal. It is proved that the critical Li content plating induces 
the Li precipitation failure.

The LiIn alloy electrodes under various lithiation stages exhibit 
different electrochemical cycling behaviors. Figure S3 indicates that 
the polarization of a Li2In electrode (400 mV) is 10 times that of a 
LiIn electrode (40 mV). Moreover, LiIn electrodes can achieve a high 
Coulombic efficiency of 99% (fig. S4A), however, the Coulombic 
efficiency of Li2In anodes is reduced to 71% (fig. S4B). Hence, the Li 
contents in alloy anodes can greatly regulate the interfacial electro-
chemical processes.

Charge transfer evolution
The drastic changes of electrochemical features are derived from 
Li kinetic evolution, which is unraveled by applying the in situ GEIS 
methods with DRT analysis (14–16). Typical EIS is composed of an 
incomplete semicircle corresponding to the grain boundary of SSEs 
and an integrated semicircle corresponding to Li-In electrodes and 
interfaces. The impedance evolutions are divided into four stages, 
which are displayed in Fig. 2. The initial stage is displayed in 
Fig. 2A. The semicircles exhibit continuous shrinking at the initial 
stages of the whole first discharge plateau (LixIn, 0 < x < 1), deliver-
ing an impedance decrease from 30 to 8 ohm. Then, the semicircles 
gradually expand at the second discharge plateau, delivering an in-
creasing value from 15 to 50 ohm (Fig. 2B). The Li kinetics changes 
drastically with Li content of x > 1.2 in LixIn. Figure 2C exhibits that 
the impedances rapidly increase to >600 ohm between the transition 
from the second plateau to the third plateau. The total impedance 
reaches the highest value at the critical Li contents point between 
the second plateau and the third plateau. Last, the impedance shape 
is alternated to a small semicircle with an impedance of about 

Fig. 1. Lithiation behaviors of Li-In alloy. (A) Voltage profiles of Li-In alloy during the lithiation process. (B) XRD patterns of Li-In alloy at different lithiation stages, which 
are in accordance with the profiles labeled with (1) to (3) in (A), respectively. a.u., arbitrary units. (C and D) Cross-sectional elemental mapping of Li and In by time-of-flight 
secondary ion mass spectroscopy (TOF-SIMS). (C) Elemental distributions at a stable lithiation stage (x = 1.0 in LixIn) and (D) those at failure stages (x = 1.5 in LixIn). Scale 
bars, 10 m.
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250 ohm (Fig. 2D). The subsequent impedance with irregular data 
points represents the alloy failure (fig. S5).

To distinguish the specific electrochemical processes avoiding the 
manual simulation, here, the DRT technology is used, which is a 
model-free analysis toward the impedance evolutions. It is a mathe-
matical transformation to display the frequency domain–based 
Nyquist plots into time domain–based DRT spectra (17, 18)

	​ Z( ) = ​R​ ∞​​ + ​∫0​ 
∞

 ​​ ​  () ─ 1 + j ​ d​	 (1)

The whole EIS spectra will be converted as a relaxation-based 
function (). The peaks at special relaxation time represent the re-
lated specialized electrochemical process, and the peak areas represent 
the impedance value. The schematic mechanism of DRT is displayed 
in fig. S6. Hence, different specialized relaxation times can be auto-
matically distributed.

The DRT successfully distributes the electrochemical phase tran-
sitions of Li-In alloy and their respective evolutions on impedance 
with increasing Li contents. The relaxation time identifications of dif-
ferent electrochemical processes are first conducted, and the detailed 
methods are introduced in Supplementary Materials (14). The  at 
10−6 s represents the grain boundary response of SSEs (fig. S7). The 
influence of the counter electrode can be excluded due to the weak 
response by DRT (fig. S8). It is ensured that three major peaks located 
at 10−5 to 10−4, 10−2 to 10−1, and 10 s exhibit obvious electrochemical 
processes for Li-In (Fig. 2E). As displayed in fig. S9, the peaks at 10−5 
to 10−4 s represent an irreversible evolution, which can be attributed 
to the solid electrolyte interphase (SEI) formation. The stabilized 
value can be attributed to the ionic transport at the interfacial SEI 
which is denoted as Rint. The relaxation processes located at 10−2 to 
10 s are all highly reversible (fig. S10), which represents the charge 
transfer processes (Rct). The impedance spectra in Fig. 2 (A to D) are 
interpreted as DRT functions in Fig. 2 (E to H), respectively. The Rct 
is continuously decreasing during the lithiation process in LixIn 

(0 < x < 1), which is labeled as Rct1 (Fig. 2E). There are two charge 
transfer processes at the second plateau transition of Fig. 2F. Initially, 
the new charge transfer impedance (Rct2) located at  of 0.1 s gradually 
increases, which is corresponding to the lithiation process in LiIn to 
Li5In4 (LixIn, 1.1 < x < 1.16). The third charge transfer processes 
(Rct3) located at  of 5 s rapidly emerge and increase at the end of 
second plateau lithiation, which indicates the beginning of the tran-
sition from Li5In4 to Li3In2 (LixIn, 1.17 < x < 1.2). The Rct3 of com-
plete lithiation transition from Li5In4 to Li3In2 increases sharply. 
The electrochemical processes are reflected by the continuous peak 
evolutions at  of 1 to 5 s displayed in Fig. 2G.

Afterward, the electrochemical processes completely change after 
reaching critical Li contents of x = 1.25. A new DRT peak with  of 
0.2 s (purple curve in Fig. 2G) is corresponding to a new Rct4, which 
should be attributed to the Rct of pure Li3In2. There are electro-
chemical evolutions at the third lithiation plateau. The DRT plots in 
Fig. 2H exhibit the peak-split processes under continuous plating. 
The split peaks at  = 10 s indicate the emerging of Li (Rct Li), and 
another peak indicates the alloying process. At this stage, there are 
the alloying and Li deposition processes according to the DRT anal-
ysis. The phase transitions during the lithiation contribute to the 
increasing on the Rct, which results in the evolution of overpotential.

The overview of the overpotential evolution is also displayed by 
the galvanostatic intermittent titration technique (GITT) profiles (19). 
The polarization exhibits three stages (fig. S11). There is a stable 
polarization of 17 mV in LixIn (0 < x < 1). Then, a gradual polariza-
tion increases at the region of 1 < x < 1.25 of LixIn, which can sub-
sequently reach a maximum polarization voltage of 300 mV. Last, 
an 80- to 100-mV polarization remains until the failure. The critical 
Li content point is exactly corresponding to the maximum polarization.

The unstable fluctuated profiles at third lithiation stage of in Li-In 
alloy are ascribed to the inhomogeneous Li precipitation–induced 
dendrite formation. The cycled Li-In alloy is measured by TOF-
SIMS to provide the surficial properties (fig. S12), where the typical 

Fig. 2. Li kinetic evolutions in Li-In during continuous lithiation processes. GEIS on LixIn of (A) 0 < x < 1, (B) 1.1 < x < 1.2, (C) 1.2 < x < 1.25, and (D) 1.25 < x < 1.3, respec-
tively. (E to H) Corresponding DRT transformation of GEIS results in (A) to (D) to unravel the charge transfer evolution.
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stable phase of LiIn and unstable phase of Li1.5In are compared. The 
synchronous intensity of Li and In signal on LiIn phase demonstrates 
the stable alloying property. The signal P proves the homogeneous 
SEI. In contrast, severe Li accumulation is detected with the relative 
weak In intensity, demonstrating the existence of the inhomogeneous 
precipitation of Li metal.

Subsequently, the fluctuation of discharge profile is monitored 
by the GEIS. As displayed in fig. S13A, the smooth profile represents 
the stable kinetics and the fluctuation demonstrates the battery failure. 
Six measurement points marked in fig. S13A show the evolution 
processes. Because of the dendrite penetration, the impedance of SSEs 
will be continuously reduced (fig. S13B). The points at the frequency 
of >16 kHz represent bulk resistance of SSEs (fig. S13C). The failure 
impedances exhibit the reduced SSE impedance at high frequency 
and abnormal points for Li kinetics (fig. S13D). The mess points on 
the impedance demonstrate the soft short circuit. The reduced high-
frequency impedance of SSEs proves the Li dendrite formation (fig. 
S13E). During the stable process, the bulk SSE impedance remains 
stable. The bulk SSE impedance drops after the failure, proving the 
continuous Li dendrite penetration.

Diffusion evolutions
As shown in Fig. 3A, the major Li kinetics at solid-state interfaces 
contains three steps, including (1) Li+ transport in SSE, (2) interfacial 
charge transfer process, and (3) Li atom diffusion in bulk Li alloys 
or Li metal. The lithium ion diffusion in sulfide SSEs (>10−9 cm2 s−1) 
is faster than the mass transport of Li atoms in bulk alloy anode 
(10, 20). Therefore, the chemical diffusion and charge transfer of 
lithium atoms are inferred as rate-determining steps.

The continuous kinetic evolution is controlled by the increasing 
Li contents, according to the Rct evolution. The Li kinetics is also 
deduced from Bulter-Volmer equation. The relationship among charge 
transfer impedance, interfacial Li atom (Li0) concentration, and the 
reaction rate constant k0 is described in Eqs. 2 and 3 (21)

	​​ R​ ct​​  = ​  RT ─ F ​i​ 0​​ ​​	 (2)

	​​ i​ 0​​  =  nF ​k​ 0​​ ​[​Li​​ +​]​​ ​​ a​​​ ​[​Li​​ 0​]​​ 
​​ 

c
​​
​​	 (3)

Here, the Rct is in inverse proportion to exchange current density 
i0. The a and c represent the anodic and cathodic transfer coeffi-
cient, respectively. As displayed in Eqs. 2 and 3, the Rct is directly 
related with k0 and Li0 concentration. Hence, Rct can reflect the inter-
facial concentration evolution in same alloy phases. It has been 

proposed that the interfacial lithium atom concentration in Li alloy 
influences the charge transfer impedance, and the relaxation of Rct 
was observed (10).

Equation (3) describes the fact that the interfacial kinetics is de-
pended on the Li atom concentration. Hence, the GITT coupled with 
GEIS is conducted to unravel the Li atom diffusion evolution. The 
specific relaxation stages are marked as a to h in fig. S11. The relax-
ation of EIS at different stages can directly reflect the interfacial Li 
atom diffusion in alloy (fig. S14).

The rapid relaxation is detected at the initial lithiation stages 
(0 < x < 1 of LixIn, position a). The overlapped impedance proves 
the rapid diffusion resulting in the balanced interfacial Li concen-
tration (fig. S14A). Then, obvious relaxation of Rct gradually emerges, 
corresponding to a reduction of interfacial Li concentration at the 
beginning of the second plateau (position b). The lithiation stages 
from positions b to d (fig. S14, B to D) exhibit similar processes, but 
the relaxation processes gradually slow down. The high impedances 
prove the sluggish kinetics (positions e and f), and the prolonged 
relaxation demonstrates the diffusion fading, which are demon-
strated in fig. S14 (E and F). Last, the relaxation processes almost 
disappear (positions g and h; fig. S14, G and H). The DRT can interpret 
the diffusion degradation of specific Rct in detail (fig. S15). These 
relaxation processes directly show the diffusion degradation from a 
rapid diffusion, subsequent sluggish diffusion, to the almost immo-
bility in continuous lithiation processes.

According to the GITT profiles, it is calculated that the stable 
region is corresponding to a stable Li atom diffusion coefficient DLi0 
of 10−10 cm2 s−1 and can reach the highest DLi0 more than 10−9 cm2 s−1 
at the initial plateau. Subsequently, DLi0 will gradually decay to 
10−12 cm2 s−1 until the critical Li contents between the second and 
third plateau. Considering the self-diffusion coefficient of Li is mea-
sured at 10−11 cm2 s−1 (10, 22, 23), the Li kinetics includes the com-
petition between the alloying and the deposition. The vanishing of 
chemical diffusion can promote the kinetic transitions from the alloy 
lithiation to the lithium deposition, which is also a rational inter-
pretation of the sudden change of Rct in Fig. 2G.

The kinetic transition also indicates the transition of the domi-
nated carriers from Li atoms to Li vacancies. Two fundamental types 
of diffusion in solid are interstitial diffusion and the vacancy diffu-
sion with different domination carriers. The colored areas in Fig. 3B 
exhibit the different Li kinetics stages. First, the Li atoms are gradually 
diffusing into the indium matrix in alloys. In general, the conductive 
abilities are expected to be enhanced with increased the carrier concen-
trations (24). However, the drastic impedance climb neighboring 

Fig. 3. The evolution of diffusion abilities. (A) Schematic of the key interfacial Li kinetic processes. (B) Evolution of diffusion coefficient (blue line) and total Rct (purple 
line) accompanied with GITT profiles. The filling colors exhibit the carrier transition from Li atoms to Li vacancies.
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LixIn (x = 1.25) indicates that Li atoms mobility is abruptly retarded, 
after which the carriers are altered from Li atoms to Li vacancies. 
The critical Li contents with the highest impedance indicates the Li 
kinetic transition from alloying to metal deposition. These mea-
surements also provide quantified parameters for phase field simu-
lations of the whole lithiation processes.

DISCUSSION
Mechanisms
The phase field method was introduced to simulate the Li kinetics 
in alloy anodes, unraveling the dynamic phase transition including 
both mass transport and diffusion kinetics, especially the lithium 
precipitation in continuous lithiation stages (25). The phase field 
models consider the electrostatic field and concentration diffusion 
field simultaneously to provide a key parameter as phase field 
parameter x to describe the specific phase with different Li contents 
(26). Here, the x of <0 represents the ionic stage of Li+. The x > 0 
matches the stoichiometric ratio x of lithium in the LixIn. For instance, 
the 0 < x < 1 represents the In/LiIn alloy phase, and the specific 
1 < x < 1.5 presents the LixIn (1 < x < 1.5). The pure lithium metal is 
determined by x > 1.5. The dynamic processes of simulated Li 
distribution are displayed in Fig. 4, and the simulation details are 
displayed in the Supplementary Materials (fig. S16) (15). The model 
describes a homogeneous Li distribution at x < 1 in LixIn. The LixIn 
with x > 1.25 has represented the tendency on interfacial Li accu-
mulation and the evolution of subsequent concentration and the 
final Li precipitation at a critical Li content of x = 1.5 in LixIn. The 
equilibrium potential of Li3In2 is 0.12 V versus Li/Li+ (27). As mea-
sured in Fig. 3, the real overpotential (>300 mV) at critical Li con-
tents (x = 1.25) has obvious covered the alloying potential of Li3In2, 
which will lead to the direct Li plating. The Li metal and Li3In2 will 
generate simultaneously after the critical Li contents. The simulated 
results are in accordance with the TOF-SIMS images that a Li pre-
cipitation will emerge at the interface between the alloy and the 
SSEs at the later lithiation period.

The Li kinetic transition is highly related with the charge trans-
fer and Li0 diffusion, which are determined by the intrinsic phase 
with specific Li contents. The active carriers on distinguishing the 
diffusion or deposition can also be identified. The first derivatives 
of Li0 diffusion coefficient and impedance are displayed in Fig. 5A, 
exhibiting their change rate with increasing Li contents. The turn 
point of the evolution on Li0 diffusion is located at x = 1 in LixIn, 
and the turn point of the evolution on charge transfer impedance is 
located at the critical Li contents (x = 1.25 in LixIn). Hence, the charge 
transfer and Li0 diffusion dominate the Li kinetics in different lithi-
ation stages, respectively. The charge transfer directly influences the 
kinetical barrier for alloying stages, and the Li diffusion capability 
determines the carriers.

Initially, the Li-In alloy exhibits a stable alloying process. Stable 
alloying process remains because the high Li0 diffusion coeffi-
cient (10−10 cm2 s−1), which is much higher than that of Li metal 
(10−11 cm2 s−1). Low Rct-induced low overpotential (50 to 80 mV) 
guarantees a stable potential higher than 0 V versus Li/Li+. There is 
no kinetic transition at this stage. The Li kinetic transition can be 
judged by a high charge transfer–induced Li precipitation potential 
(< 0 V versus Li/Li+) and Li0 diffusion capability which is lower than 
that in Li metal (10−11  cm2  s−1). Both of them exhibit advantages 
against the boundary condition for Li deposition factor at present 
lithiation stage. When the Li alloy stays at stable lithiation stages, 
the Li in the alloy is obviously lower than that of Li metal, which 
dominates the alloying tendency. In addition, the intrinsic low 
nucleation and reaction barriers at the initial lithiation stage of 
Li alloy contribute to low Rct with low overpotential (28). The lithiation 
stage with low Li contents exhibits a stable interface (Fig. 5B), which 
is related to the orange zone in Fig. 3B.

The charge transfer is the rate-determining step for Li kinetic 
transition at critical Li contents. The evolution turn point for the 
charge transfer is located at the critical Li contents (x = 1.25 in LixIn). 
The high charge transfer impedance for alloying processes with high 
Li contents requires additional driven force, accompanying with a 
high reaction overpotential (29). The total Li chemical potential Li 

Fig. 4. Phase field simulation of Li concentration distribution during lithiation processes. Phase field–simulated evolution process of LixIn alloy with a constant 
lithiation current density of 5 mA cm−2, displaying the lithium concentration distributions and the new phase emerges.
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in Li alloy is continuously increasing during the rise of Li concen-
trations (30) and will reach the equivalent standard of that in Li metal. 
Considering the overpotential for Li metal nucleation, the high 
overpotential will add additional Li of Li alloy and stimulates the 
instantaneous kinetic transition from alloying to metal deposition 
(Fig. 5B, left), which is related to the gradient color zone (white dotted 
box) in Fig. 3B.

Subsequently, Li kinetics in the next stage is dominated by the 
Li0 diffusion. Unlike the real-time response of charge transfer, the 
Li0 diffusion exhibits a cumulative effect. As displayed by first 
derivatives of Li0 diffusion coefficient, the Li precipitation–induced 
failure exhibits a hysteresis comparing with the diffusion degrada-
tion. The charge transfer impedance becomes small after the critical 
Li contents point, and the overpotential recovers to a lower value 
(80 to 100 mV), which reduces the reaction barrier for Li precipita-
tion. Hence, the preservation of interfacial Li metal is attributed to 
the Li0 diffusion at this lithiation stage (x > 1.25 in LixIn). Here, Li0 
diffusion works as the rate-determining step at this lithiation stage. 
A high diffusion capability (>10−11 cm2 s−1, intrinsic Li0 diffusion 
capability of Li metal) can help to reduce the interfacial Li0 concen-
tration. Therefore, the interfacial Li chemical potential int can remain 

stable with rapid diffusion, realizing the mass balance between Li+ 
and Li0. The low potential Li alloy (e.g., Li-Mg with potential of ~0 V 
versus Li/Li+) can still remain stable alloying due to the satisfied Li0 
diffusion capability (>10−11 cm2 s−1) (10, 31). Virtually, the alloy 
phases with increased Li contents deliver a reduced internal diffu-
sion pathway, relating to a reduced diffusion coefficient. Therefore, 
the weakened diffusion capability with nearly 0 V versus Li/Li+ will 
lead to the increased interfacial Li concentration during lithiation, 
reflecting the enhanced int. If the diffusion coefficient of Li alloy is 
reduced to a lower level than that in Li metal, the major advantages 
of Li0 chemical diffusion will vanish in Li alloy anode. An interfacial 
mass mismatch of Li+/Li0 will occur, which prompts the Li precipi-
tation and accumulation, consolidating the result of Li kinetic tran-
sition. The basic diffusion kinetics will be completely altered, and 
the transition of carrier dominates the changes. This lithiation stage 
is related to the green zone in Fig. 3B.

Here, the identification toward major carriers is relied on electro-
chemical and solid-state physics analysis, which is highly related 
with the dynamic driven force. The driven force determines the mo-
bility of carriers. During the electrochemical process, distinguishing 
from the intrinsic thermal dynamic diffusion, the mass transport in 

Fig. 5. Rate-determining steps and major carriers for Li kinetic transition. (A) First derivatives for the evolutions of the Li0 diffusion coefficient and charge transfer 
impedance in Fig. 3B. (B) Schematic of Li kinetics in alloy anodes. Stable alloying during x < 1 in LixIn. The charge transfer dominates the Li kinetics during the alloying 
process (1 < x < 1.25 in LixIn). The Li atom diffusion is the rate-determining step for kinetic transition with exceed Li contents of the critical Li content (x > 1.25 in LixIn). 
(C) Evolution of Li concentration (red), diffusion coefficient (blue), and conductivity (purple) in Li-In alloy during continuous lithiation. (D) Vacancy and interstitial forma-
tion energy for Li-In alloy with high Li contents and atomic structures with vacancies or interstitial atoms of Li1.25In and Li1.5In.
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Li alloy for battery operation is mainly driven by the Li chemical 
potential gradient. Here, unraveling the major carriers in Li alloy/
metal mainly means to identify the carriers toward Li chemical poten-
tial in the metal electrodes. The Li chemical potential can influence 
the interfacial electrochemistry (10). As displayed in fig. S14, obvious 
interfacial relaxation during lithiation can be detected, demonstrating 
the existence of Li chemical potential gradient on changing the inter-
facial Li chemical potential, which directly transports the interfacial 
Li atom concentration of Li alloy after lithiation (10). The carriers 
for Li kinetics will be Li atom which can move down the Li chemical 
potential gradient during the alloying process. In addition, according 
to Nernst-Einstein (Eq. 4), the conductivity is basically proportional 
to the carrier concentration (32). It is a major criterion to identify 
the major carrier (33). The Li atoms in alloy during the lithiation 
and delithiation are mostly reversible. Hence, the Li atoms in alloy 
are mobile species during the electrochemical processes, and their 
concentration can be measured. According to this equation, we 
calculated the conductivity (T) during different lithiation stages in 
the view of the whole alloy

	​ (T ) = ​ ​N​ Li​​ ​e​​ 2​ ─ V ​k​ B​​ T ​ D(T)​	 (4)

NLi is the number of Li species and V represents the unit volume 
for calculation. e is the electronic charge. kB represents the Boltzmann 
constant. T is the application temperature. D(T) represents the dif-
fusion coefficient. The evolution tendency of the concentration, 
diffusion coefficient, and conductivity are displayed in Fig. 5C. The 
diffusion coefficient is derived from the GITT evaluation. As calcu-
lated, with the x < 1.0 in LixIn, the diffusion coefficient almost 
remains stable. The Li conductivity in Li alloy exhibits a linear in-
creasing which is synchronized with the increasing of Li concentra-
tion (inset in Fig. 5C). Those can prove that Li atoms work as 
carriers that moves down the Li chemical potential gradient at 
x < 1.0 in LixIn stage).

Afterward, the Li concentration in Li-In alloy (x > 1.0 in LixIn) 
still increases, but the conductivity begins to drop, demonstrating 
the tendency on the transition of the carriers. The reduced diffusion 
coefficient means to the weakening of chemical potential gradient, 
reducing the capability of Li atoms to moving down the Li chemical 
potential. Until the potential is lower than 0 V versus Li/Li+, the Li 
chemical potential gradient vanishes in bulk metal. The major driven 
force for mass transport will be altered from chemical potential gra-
dient to the intrinsic thermal dynamic processes. The carriers for 
the mass transport are driven by physical thermal motions. Hence, 
vacancies or interstitial atoms are possible thermal dynamic carriers.

Practically, the transition of x > 1.25 in LixIn always happens at 
the potential of <0 V versus Li/Li+. As displayed in Fig. 5D, we compare 
the vacancy formation energy and interstitial formation energy of 
high Li contents Li-In alloy by the density functional theory (DFT) 
calculation. As calculated, the Li1.25In and Li1.5In have the vacancy 
formation energies of 0.72 and 0.76 eV, respectively, and the related 
interstitial formation energies are 0.87 eV of Li1.25In and 0.83 eV of 
Li1.5In. Their vacancy formation energies are lower than their inter-
stitial formation energies, proving the tendency of vacancy domi-
nated mass transport. Considering the Li metal with vacancies as 
carriers delivering vacancy formation energy of 0.54 eV (34), vacan-
cies are ensured as carrier at the stage with low chemical potential 
gradient stage with high Li content alloys and the emerged Li metal.

These kinetic evolution characteristics can also be reflected in 
other alloy systems. The Al and Sn as typical alloying type substrates 
are also evaluated. Similarly, the lithiation of Al in all-solid-state 
batteries also exhibits a single Li alloying plateau and a subsequent 
unstable degradation until battery failure (fig. S17). The Li-Al similarly 
displays a stable lithiation process with stable impedance (fig. S18). 
Subsequently, an obvious impedance transition point appeared (Fig. 6A, 
green to purple). This point of specific Li contents (x = 1 for LixAl) 
can be attributed as the critical Li contents of Li-Al alloy. The bulk 
impedance is fallen subsequently after the critical Li contents, indi-
cating the dendrite penetration.

The DRT analyses unravel the interfacial evolution and the 
emerging new phase. As displayed in Fig. 6B, the  at 10−5 s rep-
resents the feature of Li-Al/SSE interfaces. The fading of this specific 
peak demonstrates the interfacial transition. A specific Rct at  of 
about 8 s represents the emerging of Li metal. A distinct Li accumu-
lation in Li-Al is also identified by TOF-SIMS, which is similar to 
that in the final lithiation stage of Li-In (Fig. 6C). The final phase of 
Li-Al can be attributed to Li metal due to the similar characteristics 
of Rct and their DRT peaks and the TOF-SIMS results. As shown in 
fig. S19, the Al only forms the LiAl in solid-state batteries at room 
temperature but not a high Li content phase such as Li3Al2, Li9Al4, etc. 
These high Li contents phases can only form at high temperature, 
and then the intrinsic low diffusion is an important limiting factor 
(35). It has been reported that the diffusion coefficient of Li atom is 
also decreased in Li-Al alloy with the increasing Li contents (24, 36). 
The results for Sn substrates consolidate the understandings (fig. S20). 
A high capacity of 8 mAh can be realized by the alloying process, 
showing similar stable alloying stage and the failure stage (fig. S20A). 
Continuous impedance evolution can be detected (fig. S20, B and C). 
Especially, the impedance transition can be found (purple curve in 
fig. S20C). Subsequently, the failure impedance is displayed in fig. 
S20D. The DRT plots unravel the continuous the stable alloying and 
the transition process (fig. S20, E and F). Now, three kinds of alloying 
type metal have been measured (In, Al, and Sn) and exhibited similar 
transition process, proving the generality of the kinetic characters.

The metal substrates having nonalloying effects (Ti and Cu) are 
also measured to emphasize the importance of the Li chemical dif-
fusion. As displayed, direct Li deposition is the only kinetic process 
(fig. S21). The deposition profile exhibits a short-term stable opera-
tion delivering a low capacity of 0.075 mAh (fig. S21A). The impedance 
of Li deposition remains similar before the failure (fig. S21B). How-
ever, the battery failure is proved by the impedance, and the impedance 
of bulk SSE will be continuously reduced by the Li dendrite penetra-
tion (fig. S21C). The Li deposition on Cu substrates exhibits the 
same process from the short stable deposition to the rapid failure 
(0.25 mAh; fig. S21D), including no kinetic transition (fig. S21E) 
and the Li dendrite penetration (fig. S21F). The unstable Li kinetics 
on nonalloying substrates can be attributed to the uneven interfacial 
contact and poor interfacial atom diffusion. The existence of chemical 
diffusion helps to remain a stable operation and suppresses the 
occurrence of dendrite penetration.

In particular, we compare the DRT of the Rct with different critical 
Li content alloys (Al, In, and Sn), Li-Li and Li-Cu, which are all 
measured in all-solid-state batteries (fig. S22). As displayed in Fig. 6D, 
their DRT peaks exhibit similar relaxation time and intensity ratio, 
which can be treated as evidence for the Li metal precipitation in 
different alloys. The evaluation in other Li alloys demonstrates that 
the failure of multiple Li alloys is due to the Li precipitation by the 
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critical Li contents induced Li kinetic transition from alloying to 
deposition.

In summary, the Li kinetic feature of alloy anodes is quantita-
tively investigated in all-solid-state batteries with increasing Li con-
tents, where a critical point is the carrier transition from Li atoms to 
vacancies. The high Li contents induced interfacial Li kinetic transi-
tion from Li alloying to deposition lead to the anodic failure in a 
typical Li alloy (e.g., Li-In, Li-Al, etc.) for all-solid-state batteries. By 
introducing advanced TOF-SIMS and in situ GEIS cooperating 
with DRT analysis, the interfacial charge transfer and Li0 diffusion 
are ensured as the key Li kinetic steps for stabilizing the Li alloy in-
terface during Li plating processes. The critical Li contents for Li alloy 
(e.g., x = 1.25 for LixIn and x = 1 for LixAl) are the triggers for 
Li kinetic transitions. The rate-determining steps for Li kinetic 
transition are judged by comparing the charge transfer induced 
voltage (0 V versus Li+/Li) and the intrinsic Li0 diffusion coefficient 
(10−11 cm2 s−1) of Li metal.

The Li alloys exhibit three charging stages with different rate-
determining steps.

1) Stable alloying processes. Low charge transfer impedance in-
duces rational alloying potential (> 0 V versus Li+/Li) and rapid Li0 
diffusion (10−10 cm2 s−1) at low Li contents (e.g., x < 1 for LixIn), 
where Li atoms work as the carriers.

2) Charge transfer dominated process before critical Li contents 
(e.g., 1 < x < 1.25 for LixIn). Charge transfer is the rate-determining 
step and there is a competition between two carriers leading to en-
larged overpotential (>300 mV) and the transition from alloying to 
metal precipitation.

3) Li0 diffusion dominated processes. Li atom transport is the 
rate-determining step when exceeding the critical Li contents (e.g., 
x > 1.25 for LixIn). The potential reaches 0 V versus Li/Li+ with re-
duced Li0 diffusion coefficient (<10−12 cm2 s−1), resulting in metal 

accumulation and interface failure. At this stage, Li0 diffusion is re-
strained and Li vacancies work as the carriers.

The charge transfer triggers the kinetic transition from alloying 
to precipitation, and the Li0 diffusion consolidates the Li precipita-
tion. The Li kinetic characters also exhibit similarities in other 
Li alloys. It is concluded that low charge transfer barriers that in-
duced anodic potential (≥ 0 V versus Li+/Li) with rapid Li0 diffu-
sion (>10−11 cm2 s−1) for high Li-content Li alloy are essential to 
stabilize the Li alloy/SSE interfaces. The Li kinetic transition demon-
strates the alternation of the domination carriers from Li atoms to 
Li vacancies in the bulk, constituting the internal cause of the specific 
kinetic features including the rate-determining step and interfacial 
stabilities. The knowledge of rate-determining steps and carriers in 
lithium alloy anodes provides the crucial insight needed for applica-
tions of next-generation solid-state lithium batteries.

MATERIALS AND METHODS
Experimental section
Battery assembly
The solid-state electrolyte Li7P3S11 is purchased from Zhejiang 
Ningbo Linengxin New Materials Corp. Ltd. The Li7P3S11 is cold-
pressed at 360 MPa. During the operation of these all-solid-state 
batteries, the applied pressure provided by the battery mold is 
around 1 MPa. The counter/reference electrode (CE/RE) is 100-m 
In foil with 100-m Li foil. The LiIn phase is prepared by pressing 
the Li foil of ~3 mg and In foil of 57 mg together as electrodes in 
batteries. Li2In phase is prepared by pressing Li foil of ~3 mg and In 
foil of 28 mg together as electrodes. Working electrode can be 20-m 
In foil, as well as Al foil, Sn foil, Ti foil, and Cu foil. The battery is 
assembled as mold cells. Here, a two-electrode system is used for 
EIS analysis with a thick (100 m) and stable LiIn alloy as lithium 

Fig. 6. Kinetic characteristics during lithiation in Li-Al alloy electrode in all-solid-state batteries. (A) GEIS evolution at the degradation stage of Li-Al alloy. (B) DRT 
transition of GEIS in (A). (C) Elemental distribution of Li and Al in a failed Li-Al alloy. The TOF-SIMS area is 50 m by 50 m. (D) Final stages of DRT plots for different Li alloys 
and Li metal anodes.
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source, CE, and RE. The working electrode is a thin In foil (20 m). 
Using an “ideal” CE/RE in two electrode systems is also reported by 
Krauskopf et al. (7). First, the high stability of LiIn during lithium 
stripping is demonstrated by the symmetric cells, and the influence 
of CE/RE is clarified by impedance DRT analysis (fig. S8). The thick 
LiIn electrodes not only deliver a stable voltage plateau but also ex-
hibit a low and stable impedance in continuous cycling, which is in 
consistence with the use of LiIn as RE in SSLMBs.
Characterization
The TOF-SIMS analysis is accomplished by TESCAN S9000 scan-
ning electronic microscopy equipped with FIB and TOF-SIMS 
accessories. The measurement beams are ranged from 10 pA to 
10 nA. The FIB is used to cut a cross section for TOF-SIMS imaging. 
The current for FIB is range from 50 to 500 nA. The FIB gun exhibits 
55° angle with a TOF-SIMS detector. The in situ EIS is accom-
plished by Solartron Energy Lab XM. The EIS measurement is con-
ducted in an amplitude of 10 mV with the frequency from 1 MHz to 
0.1 Hz. The GEIS measurements are repetitively conducted after an 
equal interval in a discharge period of 0.1 mAh cm−2. The DRT is 
conducted to distribute the specialized relaxation time in EIS spectra. 
The DRT analyses are conducted by the MATLAB GUI tool box 
developed by Ciucci’s research team (16).
Identification of DRT peaks
The identification of DRT peaks in plots is the most essential step 
for DRT analyses. The distribution can be separated in three steps. 
First, the electrochemical ranges can be estimated by the experi-
enced identification on relaxation time range. For instance, the high 
frequency of  at 10−7 to 10−6 s can be attributed to the grain boundary 
response in a solid-state electrolyte. The lithium transport in SEI or 
different interfaces can be attributed to the response in 10−5 to 10−3 s. 
The Rct is located at 10−2 to 10 s. This is summarized by Schmidt et al. 
(14). Second, the analyses on electrochemical system with single 
electrochemical process can identify its specialized relaxation time 
(DRT peak). DRT in a pure system can help to distinguish the spe-
cific relaxation time. The impedance spectra of pure Li7P3S11 electro-
lytes, as well as symmetric cells of LiIn and Li-Li, are all interpreted 
by DRT tools to clearly distinguish the specialized relaxation time 
of electrolytes and electrodes with their specific interfaces. Figure S7 
exhibited the DRT plots of Li7P3S11. Figure S8 exhibited the impedance 
and the DRT plots of LiIn. In addition, an accurate identification on 
each electrochemical process is conducted by comparing the DRT 
peaks of continuous impedance in discharged and charged Li-In 
electrodes. Figure S9 displayed the discharge and charge profiles with 
impedance evolution. Then, the impedance in discharge and charge 
processes is interpreted by DRT. An obvious irreversible process is 
detected at  of 10−3 s at the discharge process, and the specialized 
relaxation time remains stable at the charge process. It can be clearly 
ensured that the continuous evolution of DRT peak from 10−4 to 
10−3 s is related to the formation process of SEI at initial lithium plating 
(lithiation) in Li-In. Then, the  of 10−3 s remains stable at the charge 
process (delithiation), which is related to the stabilized SEI. The  of 
10−2 to 10−1 s exhibits completely reversible (fig. S10, C and D). 
Hence, this process can be affirmed as reversible evolution of Rct.
Calculation of diffusion coefficient
The diffusion evolution is tracked based on the GITT. The relaxations 
in Li alloy system are mainly derived from the Li atom diffusion, 
which are demonstrated by Janek et al. (10). The diffusion coefficient 
based on Fick’s law is evaluated by following simplified equation 
(Eqs. 5 and 6) (19, 37, 38)

	​​ D​ GITT​​  = ​  4 ─  ​ ​​(​​ ​ ​n​ m​​ ​V​ m​​ ─ S  ​​)​​​​ 
2
​ ​​(​​ ​ ∆ ​E​ s​​ ─ ∆ ​E​ t​​

 ​​)​​​​ 
2
​​	 (5)

	​   ≪ ​   ​L​​ 2​ ─ ​D​ GITT​​ ​​	 (6)

where  represents the relaxation time, nm represents the mole value 
and Vm is the mole volume, S is the contact area of electrode/electrolyte, 
∆Es is the voltage response stimulated by the pulse current, and ∆Et 
is the voltage change by the galvanostatic discharge.
Phase field simulation
The phase field simulation is performed by COMSOL Multiphysics 
5.5. The system is with a square size of 20 m by 20 m, in which the 
initial state is a two-phase system of the solid-state electrolyte above 
and pure In metal below. The detailed parameter setting and corre-
sponding modeling for phase field simulation are provided in the 
Supplementary Materials.
DFT calculation
DFT calculations were performed to calculate defect formation en-
ergies of Li atoms in Li-rich Li-In alloys using the Vienna Ab initio 
Simulation Package (39). The projector augmented wave method was 
used to describe the ion-electron interactions (40). For the exchange-
correlation energy, Perdew-Burke-Ernzerhof version of generalized 
gradient approximation was used (41). An energy cutoff of 500 eV 
was used for the plane wave expansion of the valence electron wave 
functions. A dense -centered Monkhorst-Pack k-point mesh with 
a sampling density of 0.03 Å−1, 10−6 eV/cell in energy, and 10−2 eV/Å 
in force for the convergence criterion was adopted during structural 
optimization. The initial crystalline structures of Li-rich Li-In alloys 
Li5In4 and Li3In2 were extracted from the Materials Project (42). 
After a careful structural optimization, the defect formation energies 
Ef of Li atoms were calculated on the basis of Eq. 7

	​​ E​ f​​  = ​ E​ defect​​ − ​E​ perfect​​ − n ​​ Li​​​	 (7)

where Edefect and Eperfect are the total energies of a lattice with a 
defect and a defect-free lattice, respectively. The integer n denotes 
the number of Li atoms that were added to (n > 0) or removed from 
(n < 0) the lattice to form the interstitial or vacancy, respectively. 
mLi is the chemical potential of Li atom, which was set to the energy 
per atom in bulk Li lattice.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi5520
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