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ABSTRACT: All-solid-state rechargeable batteries embody the promise for high energy
density, increased stability, and improved safety. However, their success is impeded by high
resistance for mass and charge transfer at electrode−electrolyte interfaces. Li deficiency has been
proposed as a major culprit for interfacial resistance, yet experimental evidence is elusive due to
the challenges associated with noninvasively probing the Li distribution in solid electrolytes. In
this Letter, three-dimensional 7Li magnetic resonance imaging (MRI) is employed to examine
Li distribution homogeneity in solid electrolyte Li10GeP2S12 within symmetric Li/Li10GeP2S12/
Li batteries. 7Li MRI and the derived histograms reveal Li depletion from the electrode−
electrolyte interfaces and increased heterogeneity of Li distribution upon electrochemical
cycling. Significant Li loss at interfaces is mitigated via facile modification with a poly(ethylene
oxide)/bis(trifluoromethane)sulfonimide Li salt thin film. This study demonstrates a powerful
tool for noninvasively monitoring the Li distribution at the interfaces and in the bulk of all-solid-
state batteries as well as a convenient strategy for improving interfacial stability.

All-solid-state rechargeable batteries are promising for address-
ing the challenges faced by the current generation of liquid-
electrolyte-based batteries, in areas of energy density, safety,
and stability. Thanks to decades of research efforts, high-
performance cathodes and anodes have been made available.1−3

Fast alkali-ion conductors as electrolytes have realized ionic
conductivities on the order of tens of mS/cm,4−7 comparable to
that for liquid electrolytes.1 However, straightforward integra-
tion of high-performance electrodes and electrolytes does not
necessarily produce high-performance all-solid-state batteries.
The bottleneck lies at the electrode−electrolyte interfaces,
including compatibility, stability, and thus the resulting high
interfacial resistance for mass and charge transfer, which
renders battery cells highly inefficient and often leads to
performance failure during electrochemical cycling.8,9 There-
fore, major effort in developing all-solid-state rechargeable
batteries is currently devoted to addressing issues associated
with interfacial resistance.
The source of high interfacial resistance is believed to

originate from structural mismatch of electrodes and solid
electrolytes.8,10 Further increase in interfacial resistance during
electrochemical cycling is attributed to the formation of less
conductive solid electrolyte interphases (SEIs).11−13 Li
deficiency at interfaces has also been proposed based on
theoretical modeling;14,15 however, experimental evidence is
elusive due to the challenges in nondestructively probing the Li
distribution within all-solid-state batteries.16−22 In addition, Li
concentration polarization within solid electrolytes may

contribute to Li microstructure formation, leading to short
circuits.23−26 Therefore, the capability to follow the evolution of
the Li distribution at interfaces and in the bulk of solid
electrolytes is extremely important for establishing a correlation
between Li deficiency and interfacial impedance and ultimately
for addressing the major challenges in the development of high-
performance all-solid-state batteries. Magnetic resonance
imaging (MRI) is a powerful noninvasive tool to map out the
distribution of chemical species and is widely employed in
various areas of research.27−29 In the studies of liquid-
electrolyte-based rechargeable Li-ion batteries, 7Li MRI was
utilized to examine microstructure growth,27,29−33 follow
lithiation fronts,28 and probe mass transport properties and Li
concentration in the liquid electrolytes in operando.34−38

Recently, Romanenko and co-workers reported the first
quantitative in situ 1H MRI study of operating solid-state Li-
ion battery cells.39 The obtained 1H data was further correlated
with the 7Li density distribution with higher sensitivity
compared with direct 7Li MRI. In this Letter, we employ 3D
7Li MRI to visualize the Li distribution in solid electrolytes and
Li redistribution upon electrochemical cycling. The purpose of
this study is to establish the correlation between Li deficiency
and interfacial resistance in order to develop strategies for
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mitigating Li concentration polarization and reducing interfacial
resistance.
Li/Li10GeP2S12/Li is chosen in this investigation for the

following reasons: (1) Li10GeP2S12 is a super ion conductor,
with a high ionic conductivity of 12 mS/cm.4 In the Li/
Li10GeP2S12/Li battery cell, the electrochemical impedance of
the bulk electrolyte is negligible compared with interfacial
resistance, making determination of the interfacial character-
istics more convenient and reliable. (2) Due to large bulk ionic
conductivity, it is possible to make thick electrolytes and probe
the Li distribution within a large range of thicknesses. (3)
Li10GeP2S12 is not stable against Li metal, and decomposition
products will form SEI layers; this provides the opportunity to
distinguish the contribution of SEIs and Li deficiency toward
interfacial resistance growth.
Further efforts have been made to mitigate Li concentration

polarization and nonstable SEI formation by interface
modification with a thin layer of polymer film.40−42 As a result,
the cell resistance and long-term stability are significantly
improved. 7Li MRI has been performed on this parallel system
Li/PEO-coated Li10GeP2S12/Li to further validate the correla-
tion of interfacial resistance and Li deficiency established from
the study on Li/Li10GeP2S12/Li.
The synthesis of Li10GeP2S12 is performed as described in the

experimental section in the SI. To confirm the phase purity,
determine the structure, and examine the surface morphology
of Li10GeP2S12 electrolytes, powder X-ray diffraction (XRD),
solid-state NMR, and scanning electron microscopy (SEM)
characterizations are performed, with results shown in Figure 1.
The XRD pattern of the synthesized Li10GeP2S12 matches the
standard powder diffraction file43 for Li10GeP2S12 (Figure 1a),
confirming the phase purity. The XRD pattern of PEO-coated
Li10GeP2S12 remains unchanged compared to that of pure
Li10GeP2S12, which suggests that, as expected, the PEO coating
does not alter the bulk structure of Li10GeP2S12. XRD provides
long-range structural information, while NMR is sensitive to
local structural modifications such as defect sites; thus, 7Li and
31P magic-angle spinning (MAS) NMR are employed to acquire
more details on the structure of Li10GeP2S12 and surface
chemistry. The spectra are shown in Figures 1b,c and S1. 7Li
NMR of Li10GeP2S12 with and without PEO coating shows a
resonance at ∼1.8 ppm, suggesting a single Li local environ-
ment, consistent with the Li10GeP2S12 structure.44 31P NMR
spectra exhibit two resonances at 93 and 75 ppm, which are
assigned to P1 and P2 sites in the Li10GeP2S12 structure,
respectively.44 Another resonance at 86 ppm comes from a
minor structural modification that is commonly observed in
Li10GeP2S12.

44−46 Both 7Li and 31P NMR spectra are identical
for Li10GeP2S12 and PEO-coated Li10GeP2S12. The evidence of
the PEO coating is shown in the 1H NMR spectrum (Figure
S1), where a sharp 1H resonance at ∼3.7 ppm from PEO is
observed. The morphology of the Li10GeP2S12 surface with and
without PEO coating is probed using SEM. The SEM image of
Li10GeP2S12 in Figure 1d reveals a rough and porous surface,
while that of PEO-coated Li10GeP2S12 in Figure 1e exhibits an
even and smooth surface. The thin layer of flexible PEO fills up
the pores among Li10GeP2S12 particles near the surface region
(Figure 1e). In addition, the PEO layer is expected to isolate
Li10GeP2S12 from Li metal electrodes and thus to prevent
chemical mixing, which will be discussed in more details in the
following sections.
The electrochemical properties of Li10GeP2S12 and PEO-

coated Li10GeP2S12 pellets are examined in symmetric solid-

state batteries using Li metal as electrodes (Figure 2a). Two
pieces of Li foil are tightly pressed onto the two surfaces of the
Li10GeP2S12 pellet to make close contact. The electrochemically
active components, Li/Li10GeP2S12/Li or Li/PEO-coated
Li10GeP2S12/Li, are transferred into a homemade cylindrical
cell designed for MRI.30 The main body of the cylindrical cell
(Figure 2b) is made of electrochemically inert polyether ether
ketone (PEEK), which allows penetration of radio frequency
(RF) pulses for NMR and MRI experiments. Highly pure
stainless-steel wires and Cu foils are used as current collectors.
Rubber O-rings are employed to ensure air-tightness. The
assembled cylindrical battery cell is placed in a home-built low-
E NMR probe47 for enhanced sensitivity and minimized noise
for NMR and MRI acquisitions. The following tests are
performed by using the cylindrical cells, unless stated otherwise.
The electrochemical stability tests of Li10GeP2S12 and PEO-

coated Li10GeP2S12 are performed, and the results are shown in
Figure 3a. A constant electric current with a density of 20 μA/
cm2 is applied to Li/Li10GeP2S12/Li and Li/PEO-coated
Li10GeP2S12/Li symmetric cells. The purpose of using a low
current density of 20 μA/cm2 is also to show that MRI is
sensitive enough to follow small changes induced by small

Figure 1. Characterizations of as-synthesized and PEO-coated
Li10GeP2S12 solid electrolyte pellets: (a) XRD. The standard powder
diffraction file (PDF) of pure-phase Li10GeP2S12 is shown at the
bottom as a reference.43 (b) 7Li and (c) 31P MAS NMR spectra. (d,e)
SEM images.
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currents. It is found that larger current densities will lead to
more severe Li concentration polarization within a shorter time
and thus a faster increase in cell impedance, which will be
systematically discussed in our next paper. The direction of the
current is changed every 1 h. A small cell voltage (<0.1 V)
arises at the beginning as a result of nonvanishing cell resistance
from bulk Li10GeP2S12 and Li/Li10GeP2S12 interfaces. The cell
voltage of Li/Li10GeP2S12/Li shows a slight increase for the first
4 days (inset of Figure 3a), and then the increase rate picks up
sharply. It reaches a very high voltage of 2.5 V after cycling for 9
days and results in battery failure (Figure 3a). In contrast, the
cell voltage of Li/PEO-coated Li10GeP2S12/Li stays nearly
constant, with only a very slight increase, and remains <0.25 V
over an extended cycling period of 15 days. The Li/PEO-

coated Li10GeP2S12/Li shows significantly improved long-term
cycling stability compared to Li/Li10GeP2S12/Li.
As the current density does not change, based on Ohm’s law,

E = I·R, the increase in cell voltage is a reflection of cell
resistance growth. The cell resistance is determined with
electrochemical impedance spectroscopy (EIS). Figure 3b
shows the EIS spectra of Li/Li10GeP2S12/Li and Li/PEO-
coated Li10GeP2S12/Li pristine cells. A single semicircle is
observed in the EIS spectra for the pristine Li/Li10GeP2S12/Li
battery (Figure 3b) with an impedance of 1.3 kΩ, which is
attributed to the interfacial resistance between Li metals and
Li10GeP2S12 electrolyte. The bulk resistance of Li10GeP2S12 is
too small, and the corresponding signature is buried within the
same semicircle. Two semicircles are detected in the EIS
spectra of the pristine Li/PEO-coated Li10GeP2S12/Li cell
(Figure 3b). The first semicircle at high frequency is from the
impedance of the thin PEO layer, which is much smaller
compared with the impedance of a 40 μm thick PEO film
(Figure S2). The second semicircle is associated with the total
interfacial resistance between Li/PEO and PEO/Li10GeP2S12,
which is estimated to be 2.5 kΩ. As expected, the PEO coating
increases interfacial resistance due to the formation of
additional interfaces. The slightly increased resistance induced
by PEO coating resulted in a higher initial cell voltage for Li/
PEO-coated Li10GeP2S12/Li compared with that for Li/
Li10GeP2S12/Li (inset in Figure 3a). It is worth mentioning
that the interfacial resistance of Li/Li10GeP2S12 increases from
1.3 to 6.0 kΩ within 30 min after assembly of the symmetric
cell before the application of any electric current likely due to
SEI formation (Figure S3). The bulk and interfacial impedance
upon electrochemical cycling is also determined for both
Li10GeP2S12 and PEO-coated Li10GeP2S12; the results are
presented in Figure 3c. The bulk resistance does not vary
significantly for either Li10GeP2S12 or PEO-coated Li10GeP2S12.
The interfacial resistance for Li/PEO-coated Li10GeP2S12/Li

Figure 2. Pictures and schematic of a symmetric Li/Li10GeP2S12/Li
battery placed in a home-made cylindrical cell for MRI. (a) Pictures
(top and edge views) and schematic representation of the symmetric
battery cell using Li metal as the electrode and Li10GeP2S12 as the
electrolyte. (b) Home-made cylindrical cell designed to host the Li/
Li10GeP2S12/Li solid-state battery for MRI characterizations. The
orientation of the battery relative to the external magnetic field B0 is
shown. Field gradients are applied along the three orthogonal
directions, Gx, Gy, and Gz(B0).

Figure 3. Long-term stability and electrochemical impedance spectroscopy (EIS) characterizations of symmetric Li/Li10GeP2S12/Li and Li/PEO-
coated Li10GeP2S12/Li solid-state batteries. (a) Stability performance of Li/Li10GeP2S12/Li and Li/PEO-coated Li10GeP2S12/Li batteries. A constant
current with a density of 20 μA/cm2 is applied. The inset shows the amplification of the stability plots over the first 4 days. (b) EIS spectra of pristine
Li/Li10GeP2S12/Li and Li/PEO-coated Li10GeP2S12/Li batteries and (c) the same two batteries after 50 and 100 cycles. The inset in (c) shows the
amplification of the EIS spectra for the electrochemically cycled Li/PEO-coated Li10GeP2S12/Li battery. (d) Total cell impedance of the Li/
Li10GeP2S12/Li and Li/PEO-coated Li10GeP2S12/Li batteries plotted as a function of cycle numbers.
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shows only a small increase with electrochemical cycling. The
interfacial impedance of the Li/Li10GeP2S12/Li cell is >150
times larger than that of the Li/PEO-coated Li10GeP2S12/Li
after 100 charge−discharge cycles. For a clear comparison of
the magnitude in total resistance for the two cells, the resistance
as a function of cycle numbers is plotted in Figure 3d. These
data suggest that the increase in the cell total impedance is
largely due to the growth of interfacial resistance between Li
metal and Li10GeP2S12 electrolytes. The interfacial impedance
of the Li/Li10GeP2S12/Li cell continues to increase after the
cycling is ceased (Figure S6).
The impedance and electrochemical stability of the PEO-

coated Li10GeP2S12 is highly dependent on the thickness of the
PEO coat ing and the amount of L i th ium bis -
(trifluoromethanesulfonyl)imide (LiTFSI) salt in PEO. Thicker
PEO layers on the surface of Li10GeP2S12 yield improved
cycling stability but with a trade-off in initial impedance (Figure
S4). The thickness of the PEO coating is varied with adjusting
of the concentration of PEO solution. The 5 wt % PEO-coated
Li10GeP2S12 shows initial resistance of 0.44 and 2.94 kΩ from
the PEO layer and electrode−electrolyte interfaces, respectively
(Figure 3d). The corresponding resistance values for the 20 wt
% PEO-coated Li10GeP2S12 are 3.65 and 5.06 kΩ, respectively.
After 50 cycles, both the PEO layer and electrode−electrolyte
interface resistance increase 3-fold for the 5 wt % PEO-coated
Li10GeP2S12, while the corresponding resistance does not
change significantly for the 20 wt % PEO-coated Li10GeP2S12.
With the same PEO content (e.g., 5 wt %), doubling the
concentration of LiTFSI (EO/LiTFSI = 9:1) in PEO increases
the ionic conductivity of the PEO layer but worsens the
electrochemical stability (Figure S5).
Two possible reasons account for the fast increase in

interfacial resistance: (i) the formation of less Li-conductive SEI
layers and (ii) Li deficiency at electrode−electrolyte interfaces.
To investigate the former, X-ray photoelectron spectroscopy
(XPS) is employed to examine the surface of pristine and
electrochemically cycled Li10GeP2S12 pellets, and to probe Li

deficiency, 7Li MRI experiments are performed. The results are
discussed in the following.
The XPS spectra of electrochemically cycled Li10GeP2S12 and

PEO-coated Li10GeP2S12 are shown in Figure S7. Substantial
formation of Li2S is observed in cycled Li10GeP2S12. S in Li2S
accounts for 13.5% of total S at the surface. Other studies also
reported the formation of Li2S, Li3P, and LixGey due to the
reactions between Li10GeP2S12 and Li metal.48,49 For PEO-
coated Li10GeP2S12, only 0.8% of S ends up in Li2S after cycling
and the XPS spectrum of the cycled pellet surface stays almost
the same as pristine, indicating that the surface composition of
the PEO-coated Li10GeP2S12 is largely unchanged with cycling.
The XPS results reveal that PEO coating helps to isolate Li
from Li10GeP2S12, and this isolation prevents undesirable
chemical mixing at the interface.
To examine the Li redistribution within Li10GeP2S12 and

PEO-coated Li10GeP2S12 pellets upon electrochemical cycling
of the symmetric solid-state batteries, noninvasive 7Li MRI
experiments are performed at room temperature in a 21.1 T
ultrawide bore magnet at the National High Magnetic Field
Laboratory. Three-dimensional (3D) 7Li MRI images of Li/
Li10GeP2S12/Li and Li/PEO-coated Li10GeP2S12/Li solid-state
battery cells have been acquired to follow the changes at both
the interfaces and within the bulk of electrolytes. The Knight
shift of Li metal is around 275 ppm, while the 7Li signal from
Li10GeP2S12 electrolytes is at 1.8 ppm. The difference in shifts
allows resolved imaging of Li from Li electrodes and
Li10GeP2S12. This work is mainly focused on the changes of
the electrolyte; therefore, the transmitter frequency for 7Li MRI
acquisitions is set on the Li resonance of Li10GeP2S12 at ∼1.8
ppm. The central axis of the cylindrical cell is aligned with the
center of the external magnetic field B0. Magnetic field
gradients are applied along three orthogonal directions, x, y,
and z, as indicated in Figure 2. The 3D fast low-angle shot
(FLASH) sequence is employed to acquire 7Li MRI images of
electrolyte pellets.

Figure 4. 2D cross sections taken from 3D 7Li MRI images (Figures S8 and S9) of pristine and cycled Li10GeP2S12 electrolytes in a symmetric Li/
Li10GeP2S12/Li cell. (a−c) Cross sections taken from the top, middle, and bottom, respectively, of the acquired 3D 7Li MRI image of the pristine
Li10GeP2S12 pellet. (d−f) Corresponding cross sections of the Li10GeP2S12 pellet after 3 days of electrochemical cycling. The color bar indicating the
relative Li signal intensity is shown on the bottom right. The full set of the 2D cross sections is shown in the SI.
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To ensure that the 7Li intensity in the MRI is proportional to
Li concentration and the intensity map of 7Li MRI directly
reflects the Li distribution within the solid electrolytes, effects
from T1 contrast and magnetic susceptibility need to be
investigated first. To eliminate possible T1 contrast, preliminary
experiments are carried out before MRI acquisitions to
determine the minimum recycle delay for all of the resonances
to fully relax after the flip pulse, which is found to be 1 s for
both pristine and cycled Li10GeP2S12 electrolytes. Therefore,
the recycle delay is set to be 1 s. To further confirm that a 1 s
recycle delay is sufficient, MRI images acquired with larger
recycle delays than 1 s are acquired and shown in Figure S18,
which exhibit no difference from the one acquired with a 1 s
recycle delay. To correct for the magnetic susceptibility effects
especially at the electrode−electrolyte interfaces, the following
control experiments are performed. 2D 7Li MRI images are
acquired on the same Li10GeP2S12 electrolyte pellet with and
without Li metal on the surfaces, which are shown in Figure
S19a,b, respectively. The sum of the 7Li signal intensity for the
top, middle, and bottom layers is surveyed, and the results show
no significant difference for the same electrolyte pellet with and
without Li metal attached (Figure S19c). Therefore, using MRI
results to evaluate the relative total Li amount in different layers
of the electrolyte pellet is reliable. However, the magnetic
susceptibility effects of Li metal do lead to image distortion,
especially around the edges of the cylindrical pellet, manifested
as signal folding from the edge to the center, and this distortion
is nearly the same for all of the layers, independent of their
distances from the Li metal (Figure S19d). Therefore, analysis
of the Li distribution homogeneity within the same layer needs
to take into account this distortion.
3D 7Li MRI images of Li10GeP2S12 electrolytes before and

after electrochemical cycling, with and without PEO coating,
are shown in Figures S8−S10. Nine slices are generated by
extracting 2D cross sections of the 3D MRI images with an
equal spacing of ∼120 μm along the z-direction (Figure 2).

Three representative slices are displayed in Figures 4 and 5 for
Li10GeP2S12 and PEO-coated Li10GeP2S12, respectively: two
slices extracted from the top and bottom of the electrolyte
pellets in contact with Li foils and one slice from the center of
the electrolytes. The rest of the 2D slices are displayed in
Figures S13−S16.
The variation in Li concentration at electrode−electrolyte

interfaces and the bulk Li10GeP2S12 electrolyte before and after
electrochemical cycling is manifested as changes in 7Li MRI
images shown in Figure 4. Figure 4a−c shows cross sections
taken at the top, middle, and bottom layers from the 3D 7Li
MRI image of the Li10GeP2S12 electrolyte pellet within a
pristine Li/Li10GeP2S12/Li cell, and the color map reflects the
Li concentration gradient. The most Li-rich areas are coded in
red and the most Li-deficient areas in blue. The sweeping color
of green in the cross-sectional images of pristine Li10GeP2S12
suggests a nearly homogeneous Li distribution. The yellow
regions from the middle layer are Li-rich areas. The Li-rich
regions are mainly observed in the center of the pellet,
indicating higher Li density in the middle of the pellet
compared with the bottom and top. It is a common
phenomenon that solid electrolyte pellets are often slightly
denser in the center than top/bottom surfaces. The slight
heterogeneity in Li distribution is from the imperfect pellet
manufacturing process, which can be potentially minimized
with high-temperature press approaches.50 The relative average
Li density in each layer can be estimated based on the signal-to-
noise (S/N) ratio of the 7Li MRI images. The S/N ratios have
been calculated for the top, middle, and bottom cross sections,
and the values are listed in Table S1. On average, the middle of
the pristine pellets is 20−25% denser than the top and bottom
surface layers (Table S2). In the cross sections of the
Li10GeP2S12 electrolyte pellet after electrochemical cycling
(Figure 4d−f), the 7Li MRI cross sections reveal a
heterogeneous 7Li distribution and signs of cracking across
the pellet. The degree of Li deficiency at electrode−electrolyte

Figure 5. 2D cross sections taken from 3D 7Li MRI images (Figures S8 and S9) of pristine and electrochemically cycled PEO-coated Li10GeP2S12
electrolytes in a symmetric Li/PEO-coated Li10GeP2S12/Li cell. (a−c) Cross sections taken from the top, middle, and bottom layers, respectively, of
the acquired 3D 7Li MRI image of the pristine PEO-coated Li10GeP2S12 pellet. (d−f) Corresponding cross sections of the PEO-coated Li10GeP2S12
pellet after 15 days of electrochemical cycling. The color bar shown on the bottom right indicates the relative Li signal intensity. The full set of 2D
cross sections is shown in the SI.
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interfaces can be evaluated by comparing the S/N ratios of top
and bottom cross sections with that of the middle cross section.
For instance, the S/N ratios for the top and bottom layers are
only ∼58 and 82% of that for the middle layer, respectively
(Tables S1 and S2). The asymmetry of Li deficiency at the top
and bottom layers echoes the observed asymmetry in the
overpotential in Figure 3a. Both top and bottom interfaces
exhibit the formation of a SEI, cracking, and Li deficiency;
however, the overpotential increase is only ∼0.5 V for one-
direction cycling but >3.5 V for the other. This implies that the
degree of Li deficiency is the major factor that determines the
overpotential increase of all-solid-state batteries. To further
prove this statement, the Li distribution homogeneity of the
PEO-coated Li10GeP2S12 before and after electrochemical
cycling is also mapped out with 7Li MRI (Figure 5). The 2D
cross sections from the 3D MRI image of the PEO-coated
Li10GeP2S12 pellet before cycling (Figure 5a−c) shows varied
signal intensities as reflected by the color map, suggesting Li
distribution heterogeneity. The middle layer of the pellet is
denser than the top and bottom layers revealed by the relative
7Li signal intensity. After electrochemical cycling for 15 days,
the homogeneity of the Li distribution within the PEO-coated
Li10GeP2S12 pellet is largely unchanged (Figure 5d−f), even
though regional Li deficiency is observed in all layers of the
pellet. Different from Li10GeP2S12 pellets without PEO coating,
no substantial variation in Li density from different layers is
seen. For instance, the average S/N ratios of the top and
bottom layers are ∼89 and 92% of that for the middle layer,
respectively (Tables S1 and S2). As a result, the overpotential
of the Li/PEO-coated Li10GeP2S12/Li solid-state battery cell is
relatively small and symmetric after cycling for 15 days (Figure
3).
As Li deficiency at electrode−electrolyte interfaces has been

determined as the major source of interfacial resistance, the
thickness of Li deficiency layers is surveyed more quantitatively

and in more detail. Figure 6a,b present the edge view of the 3D
7Li MRI images of Li10GeP2S12 and PEO-coated Li10GeP2S12
electrolyte pellets within symmetric battery cells after cycling.
The color bars represent the relative Li signal intensity, with
yellow indicating areas of highest Li concentration. The edge
view of the 3D MRI images unveils Li deficiency at electrode−
electrolyte interfaces. The histograms of the normalized Li
concentration distribution within each layer for both electro-
chemically cycled Li10GeP2S12 and PEO-coated Li10GeP2S12
electrolyte pellets are shown in Figure 6c,d,e. The center of
gravity for each histogram reflects the average Li concentration,
and the spread is an indicator of Li distribution homogeneity.
For the electrochemically cycled Li10GeP2S12 pellet, the top and
bottom layers show significant Li deficiency. Especially the top
layer (Index 1) exhibits a large area of <10% Li content
compared with areas of the highest Li concentration. The
bottom layer (Index 9) also shows Li deficiency, manifested as
the shift of the center of gravity by 15% compared with
histograms from the center layers. Nevertheless, Li deficiency
for the bottom layer is much less significant compared with that
for the top layer. The wide spread of the histograms for both
top and bottom layers indicates large Li distribution
heterogeneity. The subsurface layers do not present signs of
significant Li deficiency; however, the large width of the
histograms implies increased heterogeneity. The histograms of
the five middle layers do not exhibit notable differences,
suggesting that the Li concentration distribution is nearly the
same in the center. Compared with the histograms taken from
the pristine Li10GeP2S12 pellet (Figure S11), the peak width of
the histogram plots for the Li10GeP2S12 pellet after electro-
chemical cycling is nearly doubled, which is evidence for
increased heterogeneity of the Li distribution induced by
electrochemical cycling. For the electrochemically cycled PEO-
coated Li10GeP2S12 pellet, the shift in the mean values of the
histograms for top and bottom layers compared with that for

Figure 6. Li density profiles at different depths of electrochemically cycled Li10GeP2S12 pellets. (a,b)
7Li 3D MRI images of the electrochemically

cycled Li10GeP2S12 pellets without and with PEO coating. The color bars indicate the relative Li concentration, with yellow representing the Li
density. (c) Normalized 7Li densities across horizontal layers of the 3D electrolyte pellet plotted as a function of the layer index shown in (a,b). (d,e)
Histograms of normalized Li density at different depths of the cycled Li10GeP2S12 pellets shown in (a,b), respectively. The corresponding 3D MRI
images and histograms for pristine Li10GeP2S12 and PEO-coated Li10GeP2S12 are shown in Figures S9 and S11.
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the middle layers infers Li deficiency at the electrode/
electrolyte interfaces. Different from the cycled Li10GeP2S12
pellet without PEO coating, Li deficiency of PEO-coated
Li10GeP2S12 is less significant and more symmetric for the top
and bottom interfaces. Furthermore, smaller changes are
observed for the surface layers. The average Li deficiency is
further unveiled by the S/N ratios of the 7Li signal in each layer
plotted as a function of the layer index from top to bottom, as
shown in Figure 6c. For the PEO-coated Li10GeP2S12 pellet
after electrochemical cycling, the S/N ratio does not vary
notably except a slight drop by ∼10% for the top and bottom
layers, while for cycled Li10GeP2S12 without PEO coating, the
S/N ratio is nearly 40% smaller for the top layer and 20% for
the bottom. The decrease in S/N ratio goes beyond the surface
layers and progresses into the subsurface layers for Li10GeP2S12
without PEO coating (Figure 6c). In summary, quantitative
analysis of the 3D 7Li MRI reveals more severe Li deficiency at
the surface and even in subsurface layers for Li10GeP2S12 pellets
after electrochemical cycling. This deficiency is asymmetric for
the two surfaces, with the top showing ∼40% deficiency and
20% for the bottom. Only ∼10% Li deficiency is seen for top
and bottom surfaces of the PEO-coated Li10GeP2S12 pellet after
cycling. No significant Li deficiency is observed in the bulk of
the Li10GeP2S12 or PEO-coated Li10GeP2S12 pellet; however,
the homogeneity of Li distribution is largely reduced across the
whole electrolyte pellets after electrochemical cycling.
It is worth noting that Li deficiency probed by 7Li MRI may

be largely a reflection of chemical mixing in addition to the type
of Li depletion that results in electric double-layer for-
mation,11−13 and the later plays a much more significant role
in inducing an interfacial electric potential drop.9 The PEO/
LiTFSI layer at the electrode−electrolyte interfaces has
multifold functions: (1) mitigation of loss in Li-ion
concentration; (2) minimization of chemical mixing; and (3)
provision of potential screening via mobile ions from LiTFSI.
The 3D 7Li MRI studies of Li/Li10GeP2S12/Li symmetric

batteries have revealed great Li loss at the Li/Li10GeP2S12
interface upon electrochemical cycling. Li deficiency at the
interface is determined to be the major cause for continuous
increase in the interfacial resistance. The homogeneity of the Li
distribution within the bulk of the solid electrolyte is also
significantly compromised by electrochemical cycling, revealed
by the more than doubled line width of Li density histograms
and signs of Li vacant areas. Li concentration polarization in
electrolytes has tremendous impact not only on cell resistance
but also on Li microstructure formation and associated safety
issues. Interfacial modification with a polymer film of
appropriate thickness has tremendously improved Li distribu-
tion homogeneity at both the interface and bulk and thus
enhanced the long-term cycling stability of all-solid-state battery
cells. 7Li MRI proves to be a nondestructive tool to follow the
evolution of Li distribution upon electrochemical cycling, which
will be invaluable for diagnosis of battery health and evaluations
of novel strategies for improved battery performance.
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