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free solid-state batteries†

Daniel W. Liao,a Tae H. Cho,a Shaurya Sarna,a Manoj K. Jangid,a Hiroki Kawakami,b
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Carbon interlayers have been shown to improve the uniformity and reversibility of lithium (Li) plating in

anode-free solid-state batteries (SSBs). However, there remains a lack of fundamental understanding of

the dynamic mechanisms that control Li transport and nucleation at these interfaces. In this study, we

utilize a combination of electrochemical analysis and operando microscopy to examine the lithiation of

carbon interlayers and the subsequent transition to Li plating. The current density during charging was

varied to examine the corresponding changes in carbon lithiation, lithium nucleation, and the

subsequent relaxation dynamics. A combination of electrochemical impedance spectroscopy, current-

interrupt measurements, operando video microscopy, and post-mortem microscopy were performed.

The results demonstrate that a transition in reaction pathways from lithiation of carbon to Li plating

occurs, which is dependent on the applied current density during charging. As a result, a gradient in the

state of charge of the carbon interlayer is observed, which subsequently relaxes during open-circuit rest

periods. Finally, the influence of concentration gradients in the carbon interlayer on Li metal nucleation

and subsequent solid-state lithiation is shown, which illustrates the importance of the charging protocol

on the establishment of a stable Li metal anode interface. These fundamental electrochemical studies

will further our understanding of the design requirements for interlayers that can enable Li metal anodes

in SSB systems.
Introduction

The need for batteries with higher energy density, safety,
charging rate, and cycle life is paramount to extending the
commercialization of electric vehicles. Solid electrolytes (SEs),
which can replace the liquid electrolytes in Li-ion batteries, have
been recognized as a promising alternative because of their
improved compatibility with lithium (Li) metal anodes and
reduced ammability concerns.1–3 The adoption of a Li metal
anode results in a substantial increase in the theoretical specic
capacity of the negative electrode, from 372 mA h g−1 for
commercial graphite anodes to 3860 mA h g−1, while also
enabling a highly negative potential (−3.04 V vs. standard
hydrogen electrode).4 Owing to the highly reactive nature of Li
metal towards ambient environments, signicant challenges
arise in achieving and maintaining chemical purity at an
industrial manufacturing scale without incurring substantial
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production costs.5 As a result, there has been a surge of interest
in developing anode-free cell congurations that eliminate the
excess Li at the negative electrode, thereby facilitating the ease
of manufacturability and increasing energy density.6 In an
anode-free conguration, the Li metal anode must be formed in
situ during the initial charging process through electrodeposi-
tion onto a current collector (CC).

Current research efforts in anode-free solid-state batteries
(SSBs) have demonstrated promising outcomes in terms of
successful deposition and stripping of Li metal at SE interfaces.7–10

However, several challenges remain that must be addressed to
enable anode-free SSBs, including (1) non-uniform Li metal
deposition, (2) heterogeneous solid electrolyte interphase (SEI)
formation, (3) large volume changes during cycling, and (4)
complex chemo-mechanical phenomena.4,11–17 These challenges
are exacerbated over multiple charge and discharge cycles, which
results in current focusing, stress concentrations, coulombic
inefficiency, Li dendrite/lament propagation, and ultimately
premature cell failure. There have been efforts to study the surface
chemistry at the interfacial region between the CC, Li metal, and
SE, with the goal of promoting low interfacial resistance,
improving the uniformity of Li metal deposition, and eliminating
internal short-circuiting.18 One strategy has been to introduce
coatings as interlayers to control nucleation, improve interfacial
lithiophilicity, and/or present a physical barrier between Li metal
This journal is © The Royal Society of Chemistry 2024
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and the SE.19–21 A common interlayer strategy is to introduce
lithiophilic coatings, including zinc oxide (ZnO), gold, and silver,
which have been demonstrated to form alloys with Li metal that
promote uniform platting and stripping.22–26 Additionally, inter-
layers that are insoluble to Li metal such as carbon and articial
SEI layers, can act as a physical barrier between Li metal and the
SE during cycling.20,27–30 For example, Lee et al. reported the
application of a silver–carbon (Ag–C) composite interlayer at the
anode interface that promotes uniform lithium deposition at the
carbon/CC interface (away from the bulk SE/carbon interface),
which resulted in a cycle life of 1000 cycles with 85% capacity
retention.20 However, the mechanism of lithium deposition in the
presence of an electronically conductive carbon interlayer, and
how the dynamic evolution of these interlayers depends on
current density, are not fully understood. Therefore, there remains
a need for an improved fundamental understanding of the elec-
trochemical behavior of carbon interlayers in anode-free SSBs.

To date, efforts that have studied the application of carbon
interlayers in SSBs have oen focused on an Ag–C composite
material, and have not fully revealed the mechanisms by which
Li deposition occurs at the interface between the carbon inter-
layer and CC, as opposed to the carbon/SE interface.20,27,29,31 The
inuence of the composition/phase of the carbonaceous inter-
layer material (such as graphite and carbon black) has also been
investigated, which demonstrated differences in the location of
Li plating.27 The current mechanism that has been proposed
involves the lithiation and supersaturation of the carbon
interlayer, which initially lls the pores within the carbon
interlayer and eventually plates Li at the carbon/CC interface as
a result of the weaker adhesion compared to the carbon/SE
interface.27 A potential alternative mechanism for Li transport
through a carbon interlayer was shown by Chen et al., who
demonstrated that isolated Li electrodeposition and dissolution
can occur in carbon nanotube interlayers in SSBs without direct
ionic contact with a SE.32 This indicates that Li+ ions can also be
transported through the carbon structure, which acts as a mixed
electronic ionic conductor (MEIC). Therefore, there is a need to
deepen our understanding of transport phenomena within
carbon interlayers, and how the dynamic changes of the carbon
interlayer during charging can inuence the subsequent
nucleation of plated Li.

An analogy to the lithiation and supersaturation of carbo-
naceous anodes can also be observed in the Li-ion battery
community, where Li plating on graphite anodes is known to
occur during either overcharge or fast-charge conditions.33,34

The transition in reaction pathways from Li intercalation to
plating becomes thermodynamically favorable when the elec-
trochemical potential of the negative electrode drops below 0 V
vs. Li/Li+, and an additional kinetic overpotential must also be
overcome to initiate the onset of Li nucleation.35–37 As the
current density (C-rate) during charging increases, the onset of
Li plating can occur before the theoretical capacity of the
graphite is fully reached.38–40 However, the rate dependence of
this transition for carbon interlayers in SSBs has not been fully
explored. Furthermore, under fast charging conditions, signif-
icant gradients in the state-of-charge (SOC) of graphite form,
which are known to relax during open-circuit conditions.35,41
This journal is © The Royal Society of Chemistry 2024
These SOC gradients also inuence the onset of Li plating,
which is oen seen as an undesired side effect.

In contrast to the undesirable Li plating on graphite
described above, recent reports have also explored the concept
of hybrid anodes (Li-ion/Li-metal), which intentionally utilize
carbonaceous anode materials with a theoretical areal capacity
that is less than that of the cathode (N : P ratio of less than
one).42–44 As a result, during the initial stage of charging, Li is
inserted into the carbon host. Later in the charge cycle, the
carbon becomes supersaturated, and Li is plated onto the
surface. This has been enabled by advances in liquid electro-
lytes and 3D host architectures, which enable improved
Coulombic efficiency of Li plating and stripping.42,45 However,
the dynamic evolution of Li insertion into carbon interlayers,
and the subsequent transition in reaction pathways to Li
plating, are not fully understood in SSBs.21,46,47 For instance,
while liquid electrolytes can permeate and wet into the porous
electrode to facilitate an ionic conduction pathway throughout
the anode thickness, carbon interlayers in SSBs exhibit
a “planar” two-dimensional contact area against the SE. As
a result, Li transport through the carbon interlayer must rely on
either ionic conduction through the MEIC carbon phase or
mechanical extrusion of the plated Li through the porous
carbon structure. Therefore, there is a need to study the pres-
ence of Li concentration gradients, relaxation dynamics, and
the transition from insertion into carbon to Li plating, to
improve our fundamental understanding of transport
phenomena that occur in carbon interlayers in SSBs.

In this work, we examine the lithiation behavior of carbon
interlayers in anode-free SSB congurations using an argyrodite
phase Li6PS5Cl (LPSCl) SE. We observe an initial lithiation of the
carbon interlayer, which is followed by supersaturation and
precipitation of Li metal. This transition in reaction pathways is
shown to be dependent on the applied current density, where
the charge that is passed before the onset of Li nucleation
occurs decreases as the current density increases. As a conse-
quence, Li concentration gradients form within the carbon
interlayer, which are observed to relax during subsequent open-
circuit voltage (OCV) periods. These relaxation dynamics are
quantied using current-interrupt analysis with intermittent
electrochemical impedance spectroscopy (EIS) measurements.
To provide a visualization of this relaxation behavior, operando
video microscopy is performed. Finally, the presence of
concentration gradients in the carbon interlayer is shown to
inuence the nucleation of Li metal and subsequent solid-state
lithiation behavior. The fundamental understanding of Li
dynamics within carbon interlayers provided in this study will
inform future efforts to design and control anode-free SSBs with
improved performance.

Experimental section
Preparation of carbon interlayer

For the carbon interlayer material, carbon black powder (Li-100,
Denka) was prepared and dispersed in N-methylpyrrolidone
(NMP). NMP was slowly added to the dispersion under constant
stirring and subsequently, polyvinylidene uoride (PVDF) was
J. Mater. Chem. A, 2024, 12, 5990–6003 | 5991
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added under constant stirring using a mixer (Thinky Corpora-
tion, ARE-310) to prepare the carbon interlayer slurry. Carbon
black powder and PVDF were mixed in at a weight ratio of 86 :
14. Then the slurry was coated on a stainless-steel foil using
a screen printer and dried in air at 80 °C for 20 minutes. The
coated foil was additionally dried under vacuum at 100 °C for 12
hours. The thickness of the carbon interlayer was approximately
13 mm.

To study the phase and crystallinity of the carbon interlayer,
X-ray diffraction (XRD) and Raman spectroscopy were per-
formed on the as-deposited carbon interlayer on the stainless-
steel foil. XRD analysis revealed the absence of any crystalline
diffraction peaks indicating the amorphous structure of the
carbon (Fig. S1a†). Raman spectra show the presence of both
a D and G band peak (Fig. S1b†), which indicates the presence
of both of the disordered amorphous phases, with some short-
range ordering arising from the presence of the G band.48,49

Preparation of solid electrolyte and anode-free cell
conguration

All air-sensitive materials were handled in an Ar-lled glovebox
(MBraun) with oxygen and moisture levels maintained below
0.5 ppm. LPSCl powders with particle diameters less than 10 mm
were used as received (MSE Supplies). SE pellets (1 mm thick,
6 mm diameter) were rst cold pressed to 200 MPa to form
a green pellet. Next, the carbon interlayer and stainless-steel foil
were cold-pressed at a pressure of 400 MPa to adhere the carbon
interlayer onto the LPSCl surface and densify the pellet to
a relative density of ∼86%. Aer compression, the carbon layer
remains adhered to the SE surface and the stainless-steel foil
can be easily removed, resulting in a complete transfer of the
carbon.

Fig. 1a and b show top-down and cross-sectional optical
microscopy images of the resulting carbon interlayer, which was
uniform across the LPSCl surface. Fig. 1c and d show top-down
and cross-sectional scanning electron microscopy (SEM)
images, respectively. The porous carbon interlayer morphology
can be observed, which was situated on top of the dense LPSCl
pellet. Additional control samples were fabricated without
a carbon interlayer, where the CC was placed in direct contact
with the SE (Fig. S2†).

Aer pellet fabrication, Li metal counter electrodes were
prepared from bulk Li foil (1.5 mm thick, Thermo Scientic
Chemicals). The Li foil surface was scraped to remove the native
surface layers until a shinymetallic surface was observed. The Li
foil was then compressed under a pressure of 17.7 MPa to form
a thin electrode with an approximate thickness of 200 mm. The
Li electrode was then interfaced with the SE pellet on the
opposite side of the carbon interlayer. Finally, copper (Cu) foils
(18 mm thick, Oak Mitsui Inc.) were placed on both sides of the
cell stack to serve as CCs (Fig. 1e).

Electrochemical analysis

The assembled cells were inserted into a polyether ether ketone
(PEEK) sleeve with a 6 mm diameter through hole. Uniaxial
compression was applied using two stainless steel pins in
5992 | J. Mater. Chem. A, 2024, 12, 5990–6003
contact with the Cu CCs, and a constant stack pressure of 5 MPa
was measured using a mechanical load cell. The cell tempera-
ture was maintained at 60 °C using an external heater with
closed-loop temperature control. The cell was held at the set
temperature and stack pressure under OCV conditions for 1
hour to equilibrate the cell stack before cycling.

Electrochemical cycling was performed with an Arbin LBT
cycler and EIS was performed using a Gamry Reference 600+
potentiostat. Galvanostatic charging was used to form the Li
metal anode in situ at varying current densities (0.01, 0.1, 0.2,
0.5, and 1.0 mA cm−2) for a specied capacity. The current-
interrupt measurements consisted of applying a constant
current density until reaching cutoff voltages of 0.5, 0.3, 0.1, and
0.01 V, respectively, with each current step followed by a 5 hour
OCV period. EIS was performed between 5 MHz and 0.1 Hz.
Materials characterization

Cross-sections were prepared with plasma focused-ion beam
(PFIB) milling and imaged using scanning electron microscopy
(SEM) performed with a Thermo Fisher Helios G4 PFIB UXe.
PFIB cuts were prepared at 15 mA with an accelerating voltage of
30 kV. X-ray photoelectron spectroscopy (XPS) was performed
with a Kratos Axis Ultra XPS. A monochromated Al-Ka X-ray
source was operated at a 10 mA emission current at 12 kV for
all scans. Core scans for each element were collected at a pass
energy of 40 eV. The XPS system is directly connected to an Ar
glovebox to avoid air exposure to the sample.

All optical imaging was performed with a Keyence VHX-7000
4k digital microscope inside an Ar glovebox. Grazing-incident
XRD was performed with a Rigaku SmartLab X-ray diffractom-
eter with a 2q range of 10–80° and incident angle of 0.5–1°.
Samples were capped with Kapton tape to prevent air exposure.
Raman spectroscopy was performed with a Renishaw spec-
trometer using 532 nm laser at 50× magnication and 600 l
mm−1 grating at a power of ∼0.1 mW. Samples were placed
inside a UV quartz cuvette with an air-tight sealed cap to prevent
air exposure.
Operando microscopy experiments

To visualize the Li concentration gradients within a carbona-
ceous interlayer, graphite powder (FormulaBT SLA 1518, 17.7
mm average diameter) was used as a model system for the
operando optical microscopy experiments. The graphite powder
with an areal loading of 3.5 mg cm−2 was dispersed across one
side of the SE pellet and cold pressed at 400 MPa to form the
graphite interlayer. As described in our previous report, a planar
cross-section was prepared by cutting and polishing one edge of
the pellet.50,51 As we have previously shown, the SOC gradients
observed along this polished cross-section are consistent with
those deeper within the bulk of the pellet.50,51 The cell stack was
assembled into a custom visualization xture, which was
maintained at a constant stack pressure of 5 MPa and
a temperature of 60 °C for cycling. A Keyence 4k digital micro-
scope and a BioLogic SP-200 potentiostat were used to perform
the operando optical microscopy characterization.
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Optical microscopy images of (a) plan-view and (b) cross section of carbon. SEM images of (c) plan-view and (d) PFIB cross section of
carbon interlayer on LPSCl solid electrolyte pellet. (e) Resulting Cu/Carbon-LPSCl/Li cell configuration.
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Results and discussion
Electrochemical analysis on transition in reaction pathway

To study the electrochemical performance of the carbon inter-
layer, a galvanostatic charging experiment at a current density
of 0.1 mA cm−2 was performed to deposit Li metal in an anode-
free cell conguration (Cu/Carbon-LPSCl/Li), which was
compared to a control sample without a carbon interlayer (Cu/
LPSCl/Li), Fig. 2a. A notable difference in the shape of the
voltage trace with and without the presence of the carbon
interlayer was observed. When the interlayer was present, the
voltage prole remains positive for a longer duration than the
control sample. The initial sloping prole for the carbon
interlayer sample at positive potentials is attributed to the
charge capacity that is associated with the lithiation of the
carbon interlayer, as well as the formation of SEI as the cell
potential drops below the reductive stability limit of LPSCl.52,53

The subsequent minimum observed in the voltage trace below
0 V indicates the onset of Li nucleation. This minimum is fol-
lowed by a voltage plateau as the plated Li continues to grow.10,54

Building on the theoretical framework for anode-free SSBs in
previous reports, the evolution of the voltage trace under galva-
nostatic charging conditions can be described using an equivalent
circuit model shown in Fig. 2b.55–57 Under a constant total applied
current, the fractional current associated with the available reac-
tion pathways at the interface will be determined by the relative
impedances of each pathway. As charging proceeds, the dynamic
changes in these impedances will determine the fractional current
distribution associated with each pathway.

In contrast, the control sample exhibits a rapid onset of Li
nucleation indicated by a sharp peak followed by a plateau in
the voltage trace (Fig. 2a and S3a†). The nucleation peak of the
This journal is © The Royal Society of Chemistry 2024
carbon sample was more blunt, as indicated by a larger full
width at half maximum compared to the control sample
(Fig. S3†). Analogous to previous reports of voltage traces in Li
metal anodes, we attribute the reduction in the peak sharpness
for the carbon sample to the fact that the transition between
reaction pathways is less abrupt when the interlayer is
present.36,55,58 We dene the amount of areal charge capacity
(mA h cm−2) that is passed before reaching 0 V as QLith+SEI, as
indicated in Fig. 2a, which was signicantly larger in the carbon
sample. We further note that the carbon interlayer exhibits
a decrease in the voltage minimum associated with Li nucle-
ation from −13.4 ± 1.9 mV to −7.4 ± 0.8 mV, compared to the
control sample. This decrease in nucleation potential is
consistent throughout the range of tested current densities, as
summarized in Table S1.† This reduction in the cell polariza-
tion is attributed to a lower overpotential during Li nucleation,
which may be attributed to an increase in the kinetic rate
constant and/or an increase in interfacial contact area with the
SE associated with the presence of the carbon interlayer.30 These
trends in interfacial charge-transfer impedance will be dis-
cussed later in the paper.

To understand the inuence of the carbon interlayer on the
onset of Li plating, post-mortem SEM imaging was performed to
visualize the morphological changes of the carbon interlayer
and plated Li. The rst two cells were charged at a constant
current density of 0.1 mA cm−2 to a capacity of 0.15 and
0.3 mA h cm−2, respectively, and the Cu CC was subsequently
removed to allow for top-down SEM imaging (Fig. 2c and d).
This facilitated visualization of the heterogeneous nature of Li
nucleation, which results in the precipitation of isolated islands
on the top surface of the carbon during the initial stages of Li
plating (Fig. 2d). Optical imaging of the carbon surface over
J. Mater. Chem. A, 2024, 12, 5990–6003 | 5993
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Fig. 2 (a) Galvanostatic charging with and without a carbon interlayer at a current density of 0.1 mA cm−2 for a total charge capacity of
2.0 mA h cm−2. (b) Schematic of the reaction pathways in a cell with a carbon interlayer. Top-down SEM images of a carbon surface are included
after charging to a capacity of (c) 0.15mA h cm−2 and (d) 0.3mA h cm−2. (e) Cross-sectional PFIB-SEM image of a carbon interlayer after charging
to a capacity of 2.0 mA h cm−2. Illustrations of the primary reaction pathways are included below the SEM images.
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a larger eld-of-view further reveals the macroscopic variations
in the Li morphology aer plating a low capacity (Fig. S4†). This
heterogenous nucleation behavior is analogous to Li plating on
graphite anodes during fast charging in liquid electrolytes,
which has been attributed to spatial heterogeneity in the local
SOC.35 Aer passing a capacity of 0.15 mA h cm−2, the cell
voltage is still more positive than 0 V, and has no presence of Li
deposition on the carbon surface (Fig. 2c). At this early stage of
cycling the predominant reaction pathways are carbon lith-
iation and SEI formation (QLith+SEI). This contrasts with the
control sample without a carbon interlayer, where rapid Li
nucleation occurs, and plated Li was already observed aer
a capacity of 0.15 mA h cm−2 (Fig. S5†). Aer a charge capacity
of 0.3 mA h cm−2, which is beyond the nucleation peak, there is
clear evidence of agglomerated Li metal that can be observed on
top of the carbon surface (Fig. 2d). Additionally, the carbon
surface morphology becomes more dense and does not exhibit
the porous morphology observed for the pristine carbon surface
in Fig. 1c.

Aer passing a capacity of 2.0 mA h cm−2, a signicant
amount of Li plating was observed at the interface between the
carbon and the CC. Consistent with previous reports, we
5994 | J. Mater. Chem. A, 2024, 12, 5990–6003
observe the successful formation of a Li metal anode in situ at
the carbon/CC interface, which is possible without the presence
of an alloying metal such as silver in the interlayer.20,27,28,31,59

PFIB milling was performed at multiple locations across the
pellet surface to enable a cross-sectional visualization of the
thick Li deposits (Fig. S6†). Aer deposition of 2.0 mA h cm−2,
dense Li plating is visible across the carbon/CC interface, while
the carbon/SE interface maintains conformal contact. At this
stage in cycling, the predominant reaction pathway is the
growth of plated Li (Fig. 2e).

As shown in Fig. 2, when a carbon interlayer was present at
the interface between the SE and CC, lithiation of the carbon
interlayer precedes the subsequent nucleation and plating of Li.
This is analogous to Li plating in graphite anodes in liquid
electrolyte systems, where the transition from lithiation from
graphite to Li plating is accelerated under fast charging condi-
tions.35 Therefore, to study how the transition from carbon
lithiation to plating is inuenced by the charging rate, galva-
nostatic charging was performed under a range of current
densities: 0.01, 0.1, 0.2, 0.5, and 1.0 mA cm−2. The corre-
sponding voltage traces are shown in Fig. 3a, where an
increased cell polarization was observed as the current density
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) First charge voltage profile under constant current density at 0.01, 0.1, 0.2, 0.5, and 1.0 mA cm−2. (b) First charge cumulative capacity
passed before reaching 0 V for each current density. (c) Schematic of XPS surface scan on carbon interlayer surface. (d) Carbon 1s and lithium 1s
XPS core scan before cycling and after lithiation to 10 mV when charged at 0.01, 0.1, and 1.0 mA cm−2.
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increases. As a result, the working electrode potential drops
below 0 V sooner in the charge cycle, indicating that the tran-
sition in the reaction pathway from carbon lithiation to Li
plating occurs sooner at higher current densities. In other
words, the magnitude of QLith+SEI decreases as the current
density increases (Fig. 3b). In contrast, the control sample
exhibits a much smaller magnitude of QLith+SEI across all ranges
of current densities, indicating that the transition from SEI
formation to Li nucleation occurs very rapidly in the absence of
a carbon interlayer (Fig. S7†).55

The thickness of the carbon interlayer was also increased
from 13 to 26 mm to investigate the inuence of a thicker
interlayer on the lithiation behavior (Fig. S8†). The magnitude
of QLith+SEI for the thicker interlayer increased as a result of the
larger charge capacity of the carbon, and the accessible capacity
of the interlayer decreased at high current densities, which is
consistent with the observations in Fig. 3. Despite the increase
in mass transport distances from using a thicker interlayer, Li
deposition is still observed at the carbon/CC interface
(Fig. S8c†). These results illustrate the benets of keeping the
carbon interlayer thin as possible to minimize the capacity that
is not associated with Li plating.

These observations provide evidence that the carbon inter-
layer in the SSB system is behaving in an analogous manner to
This journal is © The Royal Society of Chemistry 2024
graphite in liquid systems, where the surface concentration of
the carbonaceous material reaches a supersaturation condition
and precipitates out a secondary Li phase sooner at higher
current densities. To provide additional evidence for this
theory, we lithiated the carbon interlayer used in this study in
a carbonate-based liquid electrolyte at a slow current density
(0.01 mA cm−2 and Fig. S9†). The accessible capacity during this
lithiation process was 0.26 mA h cm−2, which is similar to that
of the carbon interlayer charged at the same current density in
the SSB system. Therefore, we conclude that when the current
density is sufficiently small, lithiation of the carbon interlayer
occurs until the capacity associated with lithiation of carbon is
fully utilized (SOCcarbon = 100%), representing an overcharge
condition. However, at higher current densities, Li plating
initiates before the carbon is fully lithiated (SOCcarbon < 100%).

To investigate the differences in the SOC of carbon as
a function of current density, XPS was performed on samples
lithiated at 0.01, 0.1, and 1.0 mA cm−2 to a cutoff voltage of
10 mV (Fig. 3c). As shown in Fig. 3c, XPS analysis was performed
on the top surface of the carbon interlayer, aer removing the
Cu CC. This represents the location of the carbon/CC interface
in the fully assembled cell. Prior to charging, a pristine carbon
interlayer exhibits a single C 1s peak at 285 eV, which is
attributed to carbon–carbon bonding,60 and no discernible
J. Mater. Chem. A, 2024, 12, 5990–6003 | 5995
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peaks were observed in the Li 1s core scan (Fig. 3d). Upon
lithiation, the carbon interlayer displays an additional carbon
peak at a binding energy of 287 eV, indicating the presence of
a new carbon bonding environment. This higher energy peak is
commonly observed aer the lithiation of carbonaceous
anodes, and has been observed for the intercalated state of
graphite.60,61 Additionally, a peak appears in the Li core scan at
a binding energy of ∼58 eV.

When the carbon interlayer was charged at a slow current
density of 0.01 mA cm−2, only the higher binding energy peak in
the carbon core scan (287 eV) is observed, which indicates that
the carbon interlayer is fully lithiated (SOCcarbon = 100%). In
contrast, when charged at a faster current density of 0.1 and 1.0
mA cm−2, both carbon peaks are observed (285 and 287 eV),
which indicates incomplete lithiation of the carbon interlayer.
These observations provide further evidence that when the
carbon interlayer is charged at higher current densities, the
transition to Li plating occurs when the global SOC of carbon is
less than 100%. In LIBs with liquid electrolytes, this transition
to Li plating at higher current densities is attributed to
a combination of mass transport limitations through the
graphite electrode thickness, as well as solid-state diffusion
through the graphite particles.35,55,62 These results suggest that
local SOC gradients may also drive the earlier onset of nucle-
ation of Li in the carbon interlayer system. Furthermore, these
local SOC gradients may continue to dynamically evolve during
subsequent cycling processes because a strong gradient in Li
concentration is present across the carbon interlayer, which will
be explored further in the subsequent sections.

Post-mortem optical and SEM imaging were conducted to
demonstrate the earlier onset of Li plating at different charging
rates. Aer charging at a slow current density of 0.01 mA cm−2

to a total capacity of 0.15 mA h cm−2, the cell voltage did not
drop below 0 V, which lies within the lithiation and SEI
formation regime (QLith+SEI; Fig. 3a). The optical and SEM
images presented in Fig. 4a and b show no discernible presence
of Li metal. However, when charged at a higher current density
of 1.0 mA cm−2 to the same capacity of 0.15 mA h cm−2,
heterogenous Li deposits are observed across the carbon
surface as shown in Fig. 4c and d. This demonstrates that
despite the incomplete lithiation of the carbon interlayer at
high current densities, Li metal can still deposit at the carbon/
CC interface.
Development of lithium concentration gradients in carbon
interlayers

To further understand the dynamic lithiation behavior of the
carbon interlayer as a function of current density, EIS and gal-
vanostatic current-interrupt measurements were performed.
The carbon interlayers were charged at constant current
densities of 0.01 and 1.0 mA cm−2 to different voltage cutoffs
(0.5, 0.3, 0.1, and 0.01 V) to investigate the Li+ concentration
gradients and their relaxation dynamics. Each current pulse was
followed by a 5 hour OCV rest period to allow for the relaxation
of any Li concentration gradients (Fig. 5a and d). EIS was per-
formed at the end of each charge step (Fig. 5b and e) and aer
5996 | J. Mater. Chem. A, 2024, 12, 5990–6003
each OCV rest (Fig. 5c and f). We note that under conditions
where signicant void formation occurs due to contact loss at
the counter electrode Li/SE interface, the EIS spectra can also
exhibit dynamic relaxation behavior during OCV rest.63 There-
fore, to demonstrate that the relative contributions to the cell
impedance from the Li counter electrode and SE interface
during these relaxation periods are negligible under the stack
pressure (5 MPa) and temperature (60 °C) conditions used in
this study, analogous EIS experiments were performed on Li/Li
symmetric cells, where no increase in cell impedance was
observed during the OCV rest (Fig. S10†). Therefore, the
changes observed in the EIS spectra shown in Fig. 5 are attrib-
uted to the lithiation and relaxation behavior of the carbon
interlayer working electrode.

EIS analysis performed before cycling shows a single feature
in the Nyquist plot at high frequencies (Fig. 5b), where the x-
intercept does not change signicantly throughout the charging
and rest process. The high-frequency feature is attributed to the
bulk SE impedance, which does not change signicantly over
the course of the experiment.64,65 At lower frequencies, the
Nyquist plot before cycling approaches a vertical line indicating
blocking electrode behavior in the unlithiated carbon, which is
essentially acting as a current collector with high electronic
conductivity and negligible Li activity (Fig. 5b).10,66 When
charged at the lower current density of 0.01 mA cm−2, the cell
voltage quickly reaches the 0.5 V cutoff as the current is applied.
EIS analysis that was performed at the end of the charge step
indicates that the blocking electrode behavior transforms into
a non-blocking electrode with the formation of a charge-
transfer semi-circle at the intermediate frequency range and
a Warburg diffusion tail at low frequencies (Fig. 5b).10,67,68 The
transition from blocking to non-blocking behavior is attributed
to the lithiation of the carbon interlayer, where the activity of Li
at the carbon/SE interface becomes non-zero. The Nyquist
spectra were tted using an equivalent-circuit model as
summarized in Table S2.† During the 5 hour OCV rest, the
voltage of the cell quickly rises to 1.5 V (Fig. 5a, further details in
Table S3†). EIS analysis performed at the end of the corre-
sponding OCV rest shows only a Warburg tail at low frequencies
(Fig. 5c). To provide a more detailed measurement of the
impedance evolution throughout the relaxation period, EIS was
performed in one-hour increments throughout an OCV rest
period, which shows a continuous increase in charge-transfer
impedance (Fig. S11†). The disappearance of the interfacial
charge-transfer semi-circle during the OCV rest period is
attributed to the relaxation of Li concentration gradients in the
carbon interlayer, which results in a corresponding decrease in
Li activity at the carbon/SE interface.

This relaxation behavior is illustrated in Fig. 5g, where the
initial SOC gradient formed during charging results in a high
local concentration (activity) of Li in the carbon phase at the
carbon/SE interface. During OCV rest, the gradients in local
SOC throughout the carbon interlayer thickness provide
a driving force for equilibration. Specically, the higher
concentration of Li at the carbon/SE interface will drive the
diffusion of Li deeper within the interlayer (away from the
carbon/SE interface). This behavior is analogous to the
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Optical (a) and (c) and SEM (b) and (d) of top-down carbon samples charged to a capacity of 0.15 mA h cm−2 at 0.01 mA cm−2 (a) and (b)
and 1.0 mA cm−2 (c) and (d).
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formation and relaxation of local SOC gradients throughout the
thickness of porous graphite anodes during the fast charging of
Li-ion batteries in liquid electrolytes.33,38 As previously shown
through operando optical analysis, during OCV rest periods,
SOC gradients that form in porous graphite anodes relax during
re-equilibration, which is primarily driven by galvanic corrosion
reactions that are facilitated by the presence of the liquid
electrolyte phase within the porous electrode.35,69,70 While solid-
state diffusion of Li can also drive re-equilibration, the relative
rate of corrosion reactions was shown to be signicantly higher
when a liquid electrolyte is present. However, in the case of
carbon interlayers in SSB systems, there is no electrolyte phase
present within the pores of the interlayer. Therefore, the re-
equilibration in SOC must be driven by solid-state diffusion.
According to Fick's laws, the rate of diffusion will be dependent
on the local concentration gradients, which will further be
inuenced by the applied current density during charging.

Upon continued lithiation to 0.3 V aer the rst OCV rest
period, the charge-transfer semi-circle re-forms and reaches
a lower impedance value compared to the end of the 0.5 V
charge step (Fig. 5b). Aer the 5 hour OCV rest, the charge-
transfer resistance increases in magnitude from 27 to 361
Ohms cm2 (Table S2†). This indicates that the carbon interlayer
is sufficiently lithiated to maintain a charge transfer semi-circle
but still undergoes re-equilibration, as evidenced by the
increase in impedance under OCV conditions. The subsequent
lithiation step to 0.1 V follows a similar impedance increase
aer OCV rest, indicating that a Li concentration gradient is still
present. Once lithiated to 0.01 V, the charge transfer resistance
is reduced to 2.5 Ohm cm2.30 We note that this low value of
This journal is © The Royal Society of Chemistry 2024
charge transfer resistance is comparable to that of high-quality
Li/SE interfaces, despite the fact that Li has not yet been plated
in the system.18 This highlights one important benet of the
carbon interlayer with SSBs: it enables a conformal, low-
resistance interface with the SE material, which has been
proposed to play an important role in the uniformity of the
current distribution across the interface during plating.30

Furthermore, minimal changes were observed in the imped-
ance spectra and OCV prole aer the 5 hour rest period,
indicating that the global SOC of the carbon interlayer is nearly
100%, with minimal Li concentration gradients present.

These dynamic changes in the EIS spectra and OCV rise are
exclusive to the carbon interlayer and are not observed in
a control sample where no carbon interlayer is present. For the
case of an anode-free CC/SE interface, the voltage quickly rises
to the initial OCV of 1.71 V aer charging to each positive
voltage cutoff (Fig. S12a–c†).

The rate and magnitude of the changes in the OCV prole of
the carbon interlayer can be seen more clearly at a higher current
density of 1.0 mA cm−2 (Fig. 5d). Aer lithiation to each voltage
cutoff, the high-frequency SE impedance feature is discernible;
however, the magnitude of the charge-transfer resistance for each
cutoff voltage ismore than one order-of-magnitude larger than the
equivalent resistance when the cell was charged at 0.01 mA cm−2

(Fig. 5e). These differences will be affected by both the larger IR
drop and larger electrode overpotentials at higher current densi-
ties, which will affect the initial SOC distribution within the
carbon interlayer before relaxation. We further note that the total
charge capacity passed during each current pulse is lower at
higher current density because of the higher cell polarization.
J. Mater. Chem. A, 2024, 12, 5990–6003 | 5997
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Fig. 5 Current-interrupt and EIS measurements of carbon interlayer working electrodes at current densities of 0.01 and 1.0mA cm−2. (a) Voltage
trace during current-interrupt measurements at 0.01 mA cm−2. EIS analysis was performed (b) after the end of each charge step and (c) after the
end of each corresponding OCV rest period. (d) Voltage trace during current-interrupt measurements at 1.0 mA cm−2. EIS analysis was per-
formed (e) after the end of each charge step and (f) after the end of each corresponding OCV rest period. Note the larger axis scales compared to
panels (b) and (e). (g) Schematic illustration of local SOC gradients through the thickness of the carbon interlayer during lithiation and relaxation.
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Aer each OCV rest, the charge-transfer semi-circle evolves
towards blocking electrode behavior (Fig. 5f). Unlike the 0.01 mA
cm−2 condition, even when the cell was lithiated to 0.01 V cutoff
there is no discernible charge-transfer semi-circle aer relaxation.
This is further evidence of the relaxation of the Li concentration
gradients in the carbon interlayer, which will result in a lower Li
activity at the carbon/SE interface because of the lower amount of
charge capacity passed. These experiments were also performed at
an intermediate current density of 0.1 mA cm−2, which followed
similar trends as the low and high rates (Fig. S12d–f†).

In addition to current density, the effects of temperature on
the relaxation behavior were also explored. A more rapid voltage
increase during the OCV rest is observed at elevated tempera-
tures, which is attributed to an increased rate of relaxation of
the concentration gradients from solid-state diffusion
(Fig. S13†). Overall, these results illustrate the complex
5998 | J. Mater. Chem. A, 2024, 12, 5990–6003
dynamics occurring within the carbon interlayer during
charging, which will be inuenced by the specic charge
protocols used during cycling.
Operando video microscopy of Li concentration gradient

To provide a visualization of the development and relaxation of
Li concentration gradients throughout the interface region
between the SE and carbon interlayer, operando cross-sectional
video microscopy was performed using graphite as a model
system. Graphite was used as a proxy for the carbon interlayer
because it is known to change color as a function of SOC.35,37 A
constant current density of 0.1 mA cm−2 was used to lithiate the
graphite interlayer to a cutoff voltage of 0.01 V, which is fol-
lowed by a 20 hours OCV rest (Fig. 6 and Supplementary
Video†).
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Operando optical microscopy images of Gr/LPSCl/Li cell lithiated at a constant current density of 0.1 mA cm−2 to a cutoff voltage of
10 mV, followed by a prolonged OCV rest. Optical images of the graphite interlayer cross-section are shown (b) before cycling, (c) after lithiation,
(d) after 5 hours OCV rest, and (e) after 20 hours OCV rest.
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Before cycling, the graphite has a gray color (Fig. 6b). Aer
lithiation to 0.01 V, the graphite particles nearest to the bulk
SE interface transition to gold, which is indicative of the
highly lithiated (LiC6) phase. Moving away from the SE
interface toward the CC, a gradient in the graphite color is
observed (Fig. 6c) from gold (LiC6) to red (LiC12) to blue
(LiC18). This color gradient illustrates the spatially varying
SOC throughout the graphite thickness, where approximately
50% of the graphite particles transition to gold color.35 This is
consistent with previous operando video microscopy obser-
vations of graphite anodes in SSBs, where Li transport is
limited through the electrode thickness.50,51 Aer the lith-
iation step, the Li concentration gradient is allowed to relax
during OCV, where aer 5 hours, the gold particles closest to
the SE interface start to transition to the red phase, while the
phase boundary between red and blue has propagated
towards the CC (Fig. 6d). Aer 20 hours, the blue phase is no
longer visible, and the electrode is fully composed of gold and
red particles (Fig. 6e).

These operando visualization experiments were repeated in
a separate cell that was lithiated at 1.0 mA cm−2 (Fig. S14†). At
a higher current density, the formation of strong concentra-
tion gradients localized to the graphite/SE interface is
observed, where only ∼2% of the graphite particles transition
to gold color. In summary, operando video microscopy
provides visual evidence to support the electrochemical
analysis provided in the previous sections, where an SOC
gradient within the carbon interlayer initially forms during
charging, and subsequently relaxes away from the SE inter-
face during the OCV rest period.
This journal is © The Royal Society of Chemistry 2024
Inuence of Li concentration gradient on Li plating

In the previous sections, we have demonstrated evidence for the
formation and relaxation of Li concentration gradients in the
carbon interlayer during charging. Next, the inuence of these
Li concentration gradients on the subsequent Li plating
behavior will be examined. Similar to the experiments described
above, two different current densities (0.01 and 1.0 mA cm−2)
were used for galvanostatic charging of the carbon interlayer;
however, in these experiments the cell voltage was allowed to
drop below 0 V, resulting in Li plating. As shown in Fig. 7a and
c, the charge capacity passed before reaching 0 V (QLith+SEI)
decreases at the higher current density, which is consistent with
Fig. 3a and b. As we have shown in the previous sections, this
reduced global SOC of the carbon interlayer is associated with
the presence of Li concentration gradients. Aer reaching 0 V,
a xed amount of charge capacity was passed, which is used to
dene the quantity of plated Li (Qplate, Fig. 7a and c). Aer
passing a specied quantity of plated Li (0.05, 0.15, or
0.3 mA h cm−2), the cell was held under open-circuit conditions
for 24 hours to track the evolution of the voltage trace (Fig. 7b
and d).

When charging at the slow current density of 0.01 mA cm−2

and plating a Li capacity (Qplate) of 0.05 mA h cm−2 (Fig. 7a), the
OCV immediately aer plating was 0 V (Fig. 7b), indicating
successful deposition of Li metal. The OCV remains ∼0 V for
a duration of 6 hours, which is in contrast with the OCV behavior
when the carbon interlayer was lithiated to a cutoff voltage of
0.01 V (Fig. 5a), where a slow OCV rise was observed immediately
aer lithiation.We attribute this difference in the OCV behavior to
the fact that the lithiated carbon interlayer is acting as a MEIC,32
J. Mater. Chem. A, 2024, 12, 5990–6003 | 5999
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Fig. 7 (a) Charging voltage trace at current density of 0.01 mA cm−2 for plated lithium capacity (Qplate) of 0.15 mA h cm−2. (b) Resulting OCV
traces for Qplate of 0.05 and 0.15 mA h cm−2. (c) Charging voltage trace at current density of 1.0 mA cm−2 for a Qplate of 0.3 mA h cm−2. (d)
Resulting OCV traces for Qplate of 0.05, 0.15, and 0.3 mA h cm−2.
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and therefore, the electrode potential is dened by the Li metal/
carbon interlayer interface. However, aer 6 hours, the OCV
gradually increases up to 0.25 V. This change in OCV indicates
that the electrochemically active interface that denes the elec-
trode potential is no longer associated with the Li metal/MEIC
interface. We hypothesize that the reason for this change is the
solid-state lithiation of the carbon interlayer, which will consume
the active Li material inventory because only a small volume of
plated Li is present, and the carbon interlayer was not fully lithi-
ated even at 0.01 mA cm−2, as indicated by the relaxation of
concentration gradients at this current density in Fig. 5a. In the
present study, we do not believe that SEI formation plays
a signicant role in the observed OCV behavior because when the
same quantity of Li was plated in a control experiment where no
carbon interlayer was present, the OCV remained constant at 0 V
over the entire 24 hour period (Fig. S15†).

To provide further evidence for this proposed mechanism,
the Qplate was increased to 0.15 mA h cm−2 while maintaining
the same current density of 0.01 mA cm−2. When Qplate was
increased, the OCV remained constant at 0 V throughout the
entire 24 hour period (Fig. 7b). We attribute this to the fact that
Qplate was larger than the remaining unlithiated capacity of the
carbon interlayer, so that even aer solid-state lithiation occurs,
an active Li metal/MEIC interface remains.

When a higher current density of 1.0 mA cm−2 was applied
with a Qplate of 0.05 mA h cm−2, the subsequent OCV trace
immediately increased to positive voltage, reaching 1.8 V aer
the 24 hours period. This rise indicates a rapid loss of active Li
inventory across the carbon interlayer aer Li metal deposition.
This is in contrast to the OCV behavior when the same quantity
of Qplate was passed at a slow current density, where the initial
6000 | J. Mater. Chem. A, 2024, 12, 5990–6003
OCV remained 0 V for 6 hours before a more slow rise in OCV.
One possible reason for this difference is the fact that under fast
charging conditions, there will be a larger gradient in the
concentration of Li within the lithiated carbon interlayer phase.
As a consequence, the concentration gradients within the
carbon interlayer will re-equilibrate via solid-state diffusion at
a faster rate, as evidenced by the faster rise in OCV aer lith-
iating to a cutoff voltage of 0.01 V in Fig. 5. In the presence of
plated Li, the surface concentration of Li atoms within the
carbon phase will affect the kinetics of the solid-state lithiation
reaction. Therefore, under high current density conditions,
because the surface concentration of Li within the carbon phase
will deplete at a faster rate from solid-state diffusion, the rate of
lithiation from the adjacent Li metal will be faster. This helps to
rationalize why the OCV remains 0 V for 6 hours when Qplate was
0.05 mA h cm−2 at a slow current density, but the OCV imme-
diately rises when the same Qplate was applied at a higher
current density. In addition to these concentration-dependent
effects, there may be other factors that also inuence the rate
of solid-state lithiation of the carbon interlayer, including
differences in nucleation and growth behavior of plated Li.
Regardless, these results demonstrate that the presence of
concentration gradients in the carbon interlayer will have an
inuence on the subsequent Li plated behavior in anode-free
SSBs.

To further demonstrate the feasibility of solid-state lithiation
of the carbon interlayer when in contact with metallic Li, XPS
analysis was conducted (Fig. S16†). For these experiments,
a pristine (unlithiated) carbon interlayer was placed in contact
with a bulk Li metal foil and immediately inserted into the XPS
chamber. The opposite (exposed) surface of the carbon
This journal is © The Royal Society of Chemistry 2024
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interlayer was analyzed by XPS to study the temporal evolution
of lithium content within the carbon. Analogous to Fig. 3, the C
1s core progressively shis from a singular peak at 285 eV to
a double peak, accompanied by the emergence of a Li 1s peak at
56.5 eV. This evolution signies the gradual lithiation of the
carbon interlayer through solid-state reaction chemistry.

Following the experimental protocol of the slow current
condition, the plated Li capacity (Qplate) was also increased to
0.15 mA h cm−2 at a higher current density of 1.0 mA cm−2. In
this case, the OCV remains near 0 V for approximately 5 hours,
before rising up to 0.18 V at the end of the 24 hour rest period.
This is qualitatively similar to what was observed for the smaller
Qplate value (0.05 mA h cm−2) under slow charge conditions.
However, unlike the same Qplate value (0.15 mA h cm−2) at 0.01
mA cm−2, where the OCV remained constant at 0 V throughout
the 24 hours period, the OCV eventually rises when the carbon
was lithiated at the faster rate. Only aer a higher Qplate of
0.3 mA h cm−2 has passed at the high current density does the
OCV remain at 0 V throughout the 24 hours period.

In summary, when the carbon interlayer was charged at
a higher current density, a larger capacity of plated Li was
necessary to establish a stable Li metal anode. The differences
in the Li nucleation and subsequent re-equilibration with the
carbon interlayer were strongly affected by the presence of
concentration gradients within the carbon interlayer. Further-
more, the presence of a carbon interlayer was shown to intro-
duce new reaction pathways and associated electrochemical
dynamics, which are not present in anode-free SSBs without
MEIC interlayers. These observations indicate that the lith-
iation of the carbon interlayer prior to Li nucleation is crucial
for the successful in situ formation of a Li metal anode.

Conclusion

This work presents a fundamental study of the lithiation of
carbonaceous interlayers in anode-free SSBs, which can form Li
concentration gradients when charged at varying current
densities. These dynamic changes in the local SOC distribution
of the carbon interlayer can have subsequent inuence on the
interfacial impedance, relaxation dynamics, and nucleation
behavior of in situ formed Li metal anodes. Specically, the key
ndings of this study are that:

(1) The incorporation of a carbon interlayer at the anode-free
interface results in an additional reaction pathway (carbon
lithiation) prior to Li metal nucleation. The transition in the
reaction pathway between carbon lithiation and Li nucleation
occurs earlier when charging at higher current densities.
Therefore, the nucleation and growth of Li metal can occur
before the carbon interlayer is fully lithiated.

(2) Gradients in the Li concentration (local SOC) distribution
throughout the thickness carbon interlayer were studied using
a combination of EIS, current-interrupt measurements, XPS,
and operando video microscopy. When charging at high current
densities these Li concentration gradients increase in magni-
tude. The Li concentration gradients can subsequently relax
during OCV rest periods aer charging, causing an increase in
the charge-transfer impedance as a result of the corresponding
This journal is © The Royal Society of Chemistry 2024
decrease of Li activity at carbon/SE interface. The relaxation of
these gradients occurs through a solid-state diffusion mecha-
nism, which was visualized using operando video microscopy.

(3) Owing to the incomplete lithiation of the carbon inter-
layer at high current densities, aer the onset of Li metal
nucleation, some of the plated Li content is transferred into the
interlayer through solid-state lithiation. The presence of Li
concentration gradients in carbon at different current densities
is shown to inuence both the nucleation and subsequent re-
lithiation dynamics. These observations highlight the impor-
tance of understanding the dynamic changes that occur during
the initial formation cycling of a carbon interlayer to control the
nucleation, growth, and stability of anode-free SSBs.

In the future, the results from this study can inform the
optimal design and charging protocols for a variety of MEIC
interlayer compositions and structures for anode-free SSBs.
Variables that will inuence the lithiation, relaxation, and
plating behavior include interlayer thickness, temperature,
particle size, porosity/composition, and the inclusion of lith-
iophilic additives such as Ag.20 The mechanistic insights
developed in this study can be used to inform model-based
design and interpretation of these interlayers, towards the
goal of enabling high-performance anode-free SSBs.
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