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both MIEC and Li0 affect the following electrochemistry result.
For summary, the MIECs could respond to Li+ in three different
pathways depending on the electrochemical potential it is
subject to (1) reacting with Li+ through intercalation (forming
graphite-intercalation-compounds (GICs)) or alloying (form-
ing Li-silver, Li-silicon, and Li-aluminum alloys in silver, silicon,
and aluminum, respectively) (Path 1); (2) Li+ transport through
the MIEC and deposit onto the preexisting Li0 (Path 2); and (3)

MIEC transport electron from Li0 and reduce the Li+, thus
inducing Li0-plating at the MIEC|SE interface (Path 3). The
performance of batteries relies on the competition of these three
paths, and path 2 is the favored path for a stable interface for long
cycling life.

To probe these mechanisms, we designed a graphite interlayer
ASLMB for operando neutron imaging and Raman spectroscopy.
These nondestructive techniques can uniquely elucidate Li

Figure 1. Li0 and Li+ evolution at the interlayers in ASLMBs. Schematic of the Li0 and Li+ behavior at the anode side in ASLMBs using interlayer (a)
made of mixed ionic-electronic conductor (MIEC); (b) with only ionic conductivity during the plating process.

Figure 2. Mechano-chemistry investigation of Li-graphite interlayer. (a) Schematics of the two different mechanochemical protocols. (b) Raman
spectra of pristine graphite, pristine Li-graphite, thermally treated Li-graphite, and SE. (c) XRD patterns of Li-graphite, thermally treated Li-graphite,
and pristine graphite. (d) Raman spectra of Li-graphite at different positions along the cross section. The side schematic in panel d shows the positions
along the cross section of the Li-graphite.
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evolution during operation. The cell comprised a single-crystal
LiNi0.8Mn0.1Co0.1O2 (NMC) cathode, Li5.4PS4.4Cl1.6 solid
electrolyte, 100 �m Li anode, and a 25−30 �m graphite
interlayer between the Li and electrolyte (Note S1). Driven by
the intercalation-extrusion nature of Li0, the graphite layer
underwent a mechanochemical reaction with Li0 during
stacking, resulting in the formation of the Li-graphite layer
with a complex composition consisting of Li0, SE powder, and
diluted GICs. Given this unique structure, in the full cell test, the
preferential deposition of Li0 at the interface between Li-

graphite and the SE layer was first observed, followed by Li0
deposition in the Li-graphite. However, no intercalation
occurred in the Li-graphite. This Li+ evolution is determined
by the lowest overpotential of nucleation at the Li-graphite and
SE layer interface, compared with the higher energy barriers
associated with the intercalation of Li+ in graphite and the Li+
transport through the Li-graphite to Li0. Eventually, the plated
Li0 penetrated the SE, inducing the short circuit of the ASLMB
and the subsequent reversed Li0 transfer from the anode to the
cathode during charge.

Figure 3.Operando neutron imaging and Raman spectroscopy investigation of the Li evolution in the ASLMBs. (a) Schematic of the operando neutron
imaging. (b) Normalized neutron radiography image of the ASLMB to identify each component based on the neutron attenuation differentiation. The
inset schematic displays the cell configuration. (c) Quantified neutron transmission in the labeled region along the cross section of the ASLMB. The
inset schematic assigns the neutron transmission to different components. (d) Dynamic transmission evolution during charging. The green, warm, and
cold colors represent no obvious changes, enriched Li, and Li depletion, respectively, compared to the pristine state. (e) Schematic of operando Raman
spectroscopy. (f) Intensity mappings of Raman spectra in the range of 1100−1700 cm−1 as a function of charging time. The figure at the left end
displays the galvanostatic charge profile of the ASLMB.
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For the first time, this work well explained the complex
dynamics of Li0 and Li+ in MIEC interlayer results from
combined mechanochemical and mechano-electrochemical
reactions and resulted in three competitive paths. From this
study, we concluded that this interlayer should meet the criteria
of high ionic conductivity, electron insulation, stability against
Li0 and SE, high mechanical strength, and low porosity (Figure
1b). In particular, electron insulation is regarded as critical in
avoiding Li0 deposition at the interlayer|SE interface. These
insights provide guiding principles to engineer interfaces for
stable cycling.

■ MECHANO-CHEMISTRY REACTION OF
LI-GRAPHITE BEFORE ELECTROCHEMICAL
CYCLING

A high pressure of 300 MPa was applied to the cell stacking to
achieve intimate contact, resulting in a low interface resistance.
As reported, the overpotential in the cell operated under 100
MPa was only 63% of that under a pressure of 3 MPa.14

However, the graphite interlayer under stacking pressure
changed into complicated compositions. Li+ can intercalate
into the 2D structured graphite (yellow path) and be extruded
through the tortuous pores in the graphite layer (red path) in a
metallic form (Figure 2a). This initial mechano-chemistry
reaction result controls the Li+ behavior in the following
electrochemical reactions.

Driven by thermodynamics and accelerated by the applied
pressure, Li0 intercalation occurs in the Li-graphite layer. Raman
spectra show evidence of the formation of GICs18 accompanied
by increased disorder (Figure 2b, Note S2); however, the Li-
graphite maintains the same black color as the pristine graphite19

(Figure S3). The morphology of the smooth graphite sheets
becomes rough and plicate after the reaction (Figure S4). X-ray
diffraction (XRD) reveals the existence of the high-stage
intercalated GICs (Figure 2c), mainly Li0.25C6, Li0.5C6, a
minor presence of LiC6, and the dominant graphite. Since the
intercalation initializes from the graphite edges, the GIC is likely
graphite that only contains intercalation at the edge sites while
the interior maintains the graphitic structure. Upon further
heating at 160 °C for 12 h, the Li-graphite becomes golden
(Figure S5), suggesting the formation of the stage-I GIC,19 LiC6.
However, the Raman spectrum shows a broad feature likely
resulting from electronic Raman of highly intercalated graph-
ite.18,20−23 There is no clear G band in comparison to LiC6
prepared through electrochemical intercalation (Figure S6).
The absence of splitting and G band indicates the GIC is still
close to Stage I. These results further indicate that graphite and
Li0 undergo a heterogeneous mechanochemical reaction
resulting in highly disordered GIC.

To further investigate the compositions across the Li-graphite
layer, the Li0|Li-graphite|SE cross-section was divided into six
distinct regions (designated as P1 on the Li0 side through P6 on
the SE side) for Raman spectra collection (Figure 2d). When
scanning from P6 to P1, the G peak intensity gradually decreased
(Table S1), accompanied by peak shifts to higher wavenumber
compared with those of the pure graphite (Figure S7a). These
blue shifts of the G peak represent the Li+ intercalation, and the
intercalation amount increases with the layer closer to the Li0.
The reduced G-peak intensities reflect the reduction in the
optical skin depth caused by the enhanced electronic
conductivities of the GICs as the intercalation proceeds.21 The
intensity ratio of the broad feature centered at 1350 cm−1 to the
G peak increased from 1.19 to 3.42, in contrast to that of 0.14 in

pure graphite. This confirms the correlation between the
disorder and the presence of Li0. Therefore, the anode behavior
was successfully tracked by monitoring the peak intensity and
shift changes of the broad feature at ∼1350 cm−1 and G peaks in
the Raman spectra, respectively. At P4, P5, and P6, the peaks
representing SE can be well-defined (Note S3). Furthermore,
since the cold-pressed SE inevitably contained some cavities
(Figure S8), the Li-graphite could be compressed underneath
the SE surface under high stacking pressure. Consequently, the
Li-graphite interlayer transformed into a complex mixture of Li0,
diluted GICs, and SE.

■ �������� NEUTRON IMAGING INVESTIGATION
OF MECHANO-ELECTROCHEMISTRY

In this work, neutron imaging, which has a high sensitivity to Li
(either Li0 or Li+) and high penetrating ability through the cell
wall,24 was used to track the Li distribution in operando in the
ASLMB (Figure 3a, Note S4). A normalization treatment (Note
S5) was applied to the raw neutron images (Figure S9) to
enhance the signal-to-noise ratio. As a result, 2D neutron
radiography (Figure 3b) effectively characterized the laminated
structure of the ASLMB (Note S6). Furthermore, we plotted the
neutron transmission data across the ASLMB (Figure 3c) (Note
S7) to identify different component positions. The interfaces
among adjacent layers, including the SE|Li-graphite layer and
the SE|cathode interfaces, were well-defined through the
derivative transmission (Figure S10).

The ASLMB is normally charged at 0.2 mA cm−2 for 3 h with a
specific capacity of 30 mAh g−1, and then the voltage gradually
drops, indicating the occurrence of a “short circuit”25 (Figure
S11). Since the transmission change is imperceptible in the
image (Figure S12), a further normalization treatment was
applied to amplify the changes. The change in neutron
transmission (Trt) at the charging time (t) was evaluated by
comparing the transmission change ratio (Trt/Tr0) with the
initial transmission (Tr0) (Note S8). Figure S13 presents a series
of time-stamped neutron radiography images normalized to the
initial state. The enhanced dark and bright regions represent
enriched and depleted Li, respectively. The inset schematic
shows the cell configuration. Prior to battery failure (0−180
min), Li+ departs from the cathode side and accumulates at the
anode. After the short circuit (180−240 min), Li gradually loses
from the anode, and the Li in the cathode increases. The neutron
imaging provides a real-time visualization of the Li evolution and
how the ASLMB behaves once a short circuit occurs (Video S1).
To the best of our knowledge, this is the first time the Li
evolution in MIEC under mechano-electrochemistry in ASLMB
has been visualized in operando mode.

The mapping derived from the quantified Trt/Tr0 provides
further details (Figure 3d). The warm color (Trt/Tr0 < 1)
represents the enrichment of Li; the cold color (Trt/Tr0 > 1)
indicates the depletion of Li; and the green (Trt/Tr0 close to 1)
indicates no obvious change. Overall, the cathode side shows
evidence of Li depletion during the test, whereas the anode side
shows a buildup of Li. More specifically, three stages occur
during the charging process. At the beginning (0−90 min, State
I), the concentration of Li mainly increases at the Li-graphite|SE
interface. Because Li-graphite is partially squeezed into the SE
layer and the surface voids can host the plated Li0, it shows the Li
enrichment is mainly located on the SE side. In comparison, the
depletion of Li occurs homogeneously in the cathode, whereas
the part extruded into the SE shows a relatively weak intensity
because of the diluted concentration. At the second stage (90−
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Figure 4. Li evolution within Li-graphite interlayer during the mechano-chemo-electrochemical reaction. (a) Schematic of the mechano-chemistry and
mechano-electrochemistry in the ASLMB. (b) Schematic of the ASLMB at different stages: before stacking, pristine state, stage I, stage II, and stage III.
(c) Li transport inside the graphite interlayer due to Li0 extrusion and intercalation. (d) Depth of extruded Li0 at different pore sizes and different stack
pressures for 3 min. (e) Temporal evolution of the average Li+ content of LixC6 in different sections. (f) Overpotential needed for Li+ to transport inside
the Li-graphite layer. (g) Level sets when the overpotential equals the nucleation energy (20 mV) in the first 2 min of cell charging. (h) Deposition
current density on the pore surface (C−D) at different charging times.
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180 min, state II), Li concentrates at the Li-graphite|SE
interface, the Li-graphite, as well as in the Li0 regions, proving
the Li+ could transport across the Li-graphite layer. After 180
min of charge (state III), the ASLMB is short-circuited. Though
the battery is still charging, the cell shows an inverse Li
concentration trend: the anode loses Li and the cathode gains Li.
However, it is difficult to detect the dendrite in the SE because of
the low dimension of the dendrite and its limited contrast with
the SE. Another operando test with the same setup confirms our
observation that the Li accumulates at the interface first and then
beneath the Li-Gr (Figure S14 and Note S9).

■ �������� RAMAN SPECTROSCOPY
INVESTIGATION OF LI-GRAPHITE EVOLUTION

Operando Raman, widely used to characterize graphite with high
spatial resolution, was complimented with neutrons to indirectly
evaluate the Li+ behaviors, i.e., intercalation versus plating in
MIEC, as neutron imaging alone is incapable of distinguishing
between the Li0 and Li+ (Figure 3e, Note S10). A line scan was
performed to collect the real-time Raman spectra from positions
P1 to P6 during the battery test. Under a current density of 0.2
mA cm−2, the ASLMB exhibited an unstable potential after
being normally charged for 230 min (equaling to a specific
capacity of 38 mAh g−1), suggesting that a “short circuit”
occurred (Figure 3f). The Raman intensity mapping shows the
intensity evolution with time with the relatively warmer and
colder colors representing the intensity enhancement and
attenuation, respectively. Overall, the Raman spectra at all of
the positions showed intensity enhancements as the battery
charged.

In further detail (Figure S15), we observed no significant
change in the G-peak position or evidence for splitting
consistent with the intercalation stage being unchanged. At
positions P1, P2, and P3 we observed an overall enhancement of
the Raman spectra with no specific region being enhanced.
Regions P4, P5, and P6 displayed similar enhancements;
however, the broad feature from the electronic Raman is more
strongly enhanced than that of the G-peak or the overall
background intensity. This is shown via the intensity at specific
wavenumber regions (Figure S16). Since an accurate model of
the electronic Raman is not available, we focus on the broad
feature and G-peak regions, which we fit with overlapping
Lorentzians (Figure S17). While these fits can be used to
quantitatively determine the change in the material, they
qualitatively confirm that the broad feature gains intensity faster
than the G-peak. They similarly show the absence of the G-peak.
These findings are consistent with previous works22,23 showing
enhanced signal of the broad feature upon reducing the graphite
crystallite size, likely here from the formation of disorder or
defects as the Li metal enters.

In particular, the peak intensity remained constant for the
initial 60 min (equaling to a specific capacity of 20 mAh g−1) and
then gradually increased, which agreed with the multistep
reaction processes revealed by the neutron imaging. As
previously mentioned, the disorder in Li-graphite is related to
Li0 plating in the interlayer. These findings demonstrate that Li0
plating, not Li+ intercalation, is the predominant reaction in Li-
graphite during charging. Although the GICs were not fully
intercalated, Li+ was preferentially plated onto rather than
intercalated into the Li-graphite. Such a coexistence of Li0 and a
diluted stage of Li+-GIC has never been directly observed in
ASLMBs.

The following failure of the ASLMBs is highly related to the Li
behavior.26,27 The preferred plating of Li0 onto the graphite
causes direct contact of Li0 and SE. Then Li metal above the
interlayer propagates and finally penetrates the SE resulting in
the short circuit (Figure S18 and Note S11). The origin of this
phenomenon is the Li metal deposits above the Li-graphite
interlayer. Therefore, the key to a successful MIEC interlayer is
to regulate the Li0 deposition beneath the MIEC.

■ MECHANISM OF MECHANO-CHEMISTRY AND
MECHANO-ELECTROCHEMISTRY

Figure 4 qualitatively illustrates the Li dynamics in the MIEC
interlayer (graphite) from our characterizations. Under stacking
pressure, the initial graphite interlayer transforms into a
composite interlayer consisting of Li0, diluted GICs, and SE
particles (pristine state). When charging begins, Li+ preferen-
tially plates at the SE/interlayer interface (charge state I) and
then deposits inside the Li-graphite interlayer as Li0 (charge
state II). Finally, the accumulated Li0 forms dendrites, causing a
short circuit, accompanied by Li0 inventory loss at the anode
side (charge state III).

An electro-chemo-mechanical model (Note S12) is used to
quantitatively analyze the entire process (Figure 4c−h and
Video S2). The contour plot in Figure 4c shows the Li+ content
(x in LixC6) after the cell was mechanically pressed before
electrochemical tests. The Li0 is extruded deeply into the Li-
graphite layer through internal pores (white area), generating
more contact surface for Li intercalating into the graphite layer
but still maintaining its elemental state, despite the graphite
being still not fully lithiated. Figure 4d shows that the Li0
extrusion depth is affected by the pore sizes and the applied
pressure. The Li0 extrusion depth is negligibly small (<3 �m) if
the applied stack pressure is less than 100 MPa, but it surges up
dramatically under higher pressures. With an average pore size of
∼1.5 �m and a typical tortuosity value (Figure S19) in the dense
graphite layer, the Li0 can be extruded to a depth comparable to
the thickness of the graphite layer (∼25 �m).

According to reports,28−30 the Li+ diffusivity in the graphite
decreases dramatically with increasing Li+ content, ranging from
∼10−9 cm2 s−1 (Li0.1C6) to ∼10−11 cm2 s−1 (LiC6). This dynamic
evolution of Li+ diffusivity, coupled with Li0 extrusion (Figure
4d), causes a much more complicated mechanism for Li+
transport inside the graphite layer. Figure 4e shows the temporal
evolution of the average Li+ content (x in LixC6) of all six regions
(P1−P6). Due to Li0 extrusion, the value is much larger in all six
regions than in the case without Li0 extrusion (no pressure,
Figure S20). Notably, Li+ reaches an average content of Li0.4C6
in P6, which is consistent with both our XRD results in Figure 2c
and the Raman spectra at P6 in Figure 2d.

This composite Li-graphite layer in Figure 4c serves as the
initial structure for the cell charging simulation (Figure 4f,
representing half of Figure 4c). Unlike the conventional Li+
intercalation into graphite layers during charging, Li0 plating is
more energetically favorable to fill in pores in the Li-graphite
layer due to the unique Li distribution. This phenomenon occurs
because these pores are close to the graphite|SE interface (within
1−5 �m) and a small overpotential is needed for Li+ mass
transport. Furthermore, no energy compensation is needed for
Li0 nucleation (En ≈ 20 meV)30,31 because Li0 is already present
at these locations. As indicated in Figure 4f, three paths may exist
for the motion of Li+ and Li0 inside the Li-graphite interlayer
during charging: (1) Li+ migrates a certain distance within the
Li-graphite interlayer and intercalates into graphite layers (such
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as location M). (2) Li+ travels across the MIEC Li-graphite
interlayer and plates in the pores where Li0 pre-existed (such as
location D). (3) Li+ is reduced and nucleated as Li0 at the Li-
graphite|SE interface (A−B line). The actual transport path is
determined by the total overpotential needed to complete the
path, which is the summation of the Li+ transport potential,
nucleation barrier (En ≈ 20 mV),31,32 and the Li0 charge-transfer
overpotential (� ≈ Rcharge−transfer‑resistanceiapplied‑current < 1 mV,
ignored in the current analysis).

The contour in Figure 4f shows the transport potential (in
voltage units) required for Li+ to migrate within the MIEC Li-
graphite interlayer. For example, 30 mV is needed for Li+ to
move to location M, 15 mV is needed to reach location D, while
zero is needed for location B. Therefore, the total overpotential
needed for Li+ following path 1 (intercalation at location M) is
∼30 mV due to zero nucleation, which is ∼20 mV for path 3
(nucleation at interface point B) due to the Li0 nucleation
barrier. However, only 15 mV of total overpotential is needed for
Li+ following path 2 (deposition at location D) due to the zero
nucleation barrier. Therefore, Li+ prefers to be deposited at
location D instead of at location M or B. Each curve in Figure 4g
represents the locations in the Li-graphite interlayer where the
transport potential equals 20 mV at the respective charging time.
Due to the comparable value of total potential for Li+
intercalation at these locations (path 1) and Li0 deposition at
location D (path 3), the preference for Li+ staying at these
locations at specific charge time is the same as that at location D.
Conversely, Li+ intercalation is preferred within the region
below the curve than at location D; otherwise, Li0 deposition at
location D is preferred. As the charge time increases, the
thickness from the SE|Li-graphite into the interlayer for Li+
intercalation dramatically decreases to less than 3um within 2
min, making Li0 plating at location D the most preferable path.
Figure 4h shows the temporal evolution of the plating current
from location C to D, which is proportional to the amount of
deposited Li0 along interface CD at a specific charge time. For
each plating curve, the current increases from C to D due to the
concentration effect of the tip point D. The plating curve evolves
wider to the positive x-direction as the loner charging time,
indicating that Li0 grows toward location B because of the
continuous plating at location D. This trend agrees well with our
neutron imaging data in Figure 3c that higher Li concentration is
observed on top of the Li-graphite|SE interface and then
gradually propagates toward the interlayer.

■ CONCLUSIONS
In summary, the Li0 anode potentially provides an exceedingly
high energy density for ASLMB, but its stability with SE,
especially sulfide SE, should be further improved. In this work,
we investigated Li’s mechanochemical and mechano-electro-
chemical behavior in MIEC interlayer, with graphite as an
example studying case, using operando neutron imaging and
operando Raman spectroscopy. The MIEC interlayer was first
divided into six spatial zones with 5 �m for operando Raman
spectroscopy studies. Under high stacking pressure, the graphite
interlayer transformed into a complex Li-graphite interlayer
composed of Li0, graphite intercalation compounds, and SE, and
the chemistry of this Li-graphite interlayer determined the
subsequent mechano-electrochemical reaction.

During initial battery charging, the behavior of Li+ at the
interlayer resulted from three competing dynamics: Li+
transportation, intercalation, and deposition. Our results clearly
indicate the preferential deposition of Li first at the Li-graphite|

SE interface and then within the Li-graphite interlayer. This
study reveals that an ideal interlayer should meet key criteria like
high ionic conductivity and electron insulation to prevent
interfacial plating. Contrary to the view that interlayers should
completely block electronic conduction, we propose the MIEC
can also work if a low nucleation barrier exists on the Li0 metal
side to drive Li+ transport across the MIEC and deposit on the
Li0 side. In summary, our visualization highlights the complex
mechano-chemo-electrochemical interactions within mixed
conducting interlayers, specifically in a graphite interlayer.
This interplay, influenced by the amount of plated Li0, Li+
nucleation barriers, and SE micropore structures, dictates Li
evolution and reflects an interwoven relationship between
pressure, chemistry, and structural dynamics at the interface.
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