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Fast Kinetics Design for Solid-State Battery Device

Yichao Wang and Xin Li*

Fast kinetics of solid-state batteries at the device level is not adequately
explored to achieve fast charging and discharging. In this work, a leap forward
is achieved for fast kinetics in full cells with high cathode loading and areal
capacity. This kinetic improvement is achieved by designing a hierarchical
structure of electrode composites. In the cathode, the authors’ design enables
high areal capacities above 3 mAh cm−2 to be stably cycled at high current
densities of ≈13–40 mA cm−2, yielding a C-rate from 5 to 10 C. In the anode,
the authors’ design breaks the common rule of the negative correlation
between critical C-rate and the discharge voltage that is observed in most
other anodes. The overall design enables the fast cycling of such batteries for
over 4000 cycles at room temperature and 5 C charge-rate. The design
principles unveiled by this work help to understand critical kinetic processes
in battery devices that limit the fast cycling at high cathode loading and speed
up the design of high-performance solid-state batteries.

1. Introduction

Solid-state batteries (SSBs) are considered a promising next gen-
eration battery technology with high energy density and safety
for electric vehicles. Sulfide solid electrolytes, in comparison
with other electrolyte types, are attractive due to the high ionic
conductivity.[1] Although the material-level ionic conductivity can
always help the device-level ionic transport, it often is not suf-
ficient for enabling high power density. Such power density is
frequently limited by factors such as lithium dendrite growth
and electrode tortuosity. In addition, power density and energy
density usually exhibit a trade-off relationship. A cyclable bat-
tery nowadays can show high C-rate (> ≈4–40 C) at low cathode
loading (≈2 mg cm−2),[2–7] but at commercial-relevant cathode
loading (e.g., >15 mg cm−2), the C-rate has to be significantly
reduced to < 1.5 C at room temperature (RT) and < 2.5 C at
≈60 °C (Figure 1).[6,8,9]

Although the drop of ionic conductivity for solid electrolyte
materials with decreasing temperature is an order of magnitude
less severe than with liquid electrolytes, the device level capacity
often still drops fast in SSB at lower temperatures. This reflects
slow kinetics at the device level rather than at the material level.
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Thus, a high areal capacity (>1 mAh cm−2)
with less than 15 min charge (and dis-
charge) time (>4 C-rate) has been challeng-
ing, no matter at RT or even above 50 °C
(Figure 1). All these facts suggest that fast
kinetics of SSBs at the device level has not
been adequately explored.
SSB technology in fact provides unique
opportunities to design new structures
for battery devices. For cathodes, mix-
ing large particle size of cathode materi-
als with small particle size of solid elec-
trolyte materials[10,11] has been used to in-
crease ionic percolation in the thick cath-
ode layer to obtain high capacity at low
C-rate.[10] Similarly, low tortuosity Li ion
conduction network of oxide solid elec-
trolyte has been achieved through 3D print-
ing or freeze casting techniques.[12,13] In
the separator layer, multi-electrolyte-layer

configuration has been used to prevent Li dendrite
penetration.[2–4] For anodes, Si or Ag can achieve a long cy-
cle life at elevated temperature and low C-rate.[8,9,14] However,
such a device design for extremely fast kinetics at high areal
capacity has not been reported.

In this work, we design fast device kinetics through hierarchi-
cal composite structures for Li-ion SSBs with high loading and
areal capacity. We demonstrate both high power and high en-
ergy densities at RT and in a broad temperature range as well
(Figure 1a). The battery design is ≈5–7 times faster at areal capac-
ities of ≈3–4 mAh cm−2. In addition, this device design broadens
the fast kinetics capability to achieve higher areal capacities of
10 mAh cm−2, in comparison with previous reports at compara-
ble separator layer thickness and stack pressure of pressurized
coin cells. Note that we neglect reports at very low areal capac-
ities in the comparison. Our battery configuration is illustrated
in Figure 1b, with the schemes to illustrate the mechanism in
Figure 1c,d. For cathode composite (Figure 1c), we demonstrate,
for the first time, that the electrolyte mixture with designed ratio
between small (≈300 nm to 4 um) and large (≈20 um) particles
(right panel) provides the best high rate performance. This de-
sign benefits from the intimate interface contact between cathode
and electrolyte particles from nano to submicron scale and from
the fast Li transport with low tortuosity through the large micron
sized electrolyte particles in the catholyte matrix as well. In con-
trast, cases of large catholyte only (left panel) and small catholyte
only (middle panel) will either lack sufficient interface contact
or suffer from large tortuosity, respectively. For anode compos-
ite (Figure 1d), we mix solid electrolyte with silicon particles in
one layer and make graphite as a separation layer to the Li metal
layer in the battery assembly. This design first increases the C-rate
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Figure 1. a) Critical C-rate at different areal capacity of our solid-state batteries at RT and 55 °C in this work (stars), in comparison with literature
(dots).[6,8,9,15–19] Reproduced with permission. [6] Copyright 2023, Springer Nature. [8] Copyright 2021, AAAS. [9] Copyright 2022, Wiley. [15] Copyright
2021, Wiley. [16] Copyright 2020, Wiley. [17] Copyright 2021, Springer Nature. [18] Copyright 2021, ACS. [19] Copyright 2018, ACS. b) Illustration of battery
configuration of a 2.7 mAh cm−2 battery. c) Illustration of the mechanism of fast Li ion transport kinetics from catholyte network with mixed particle
sizes (right panel) in comparison with large (left panel) and small (middle panel) catholyte-only cases. d) Illustration of the effect of sulfide anolyte mixed
with Si to better transport Li toward the current collector to prevent Li dendrite penetration (right panel), in comparison with no electrolyte mixed in the
Si-graphite (G) layer (left panel). Note that this illustrates the effect at an extremely fast C-rate; while, at medium or low C-rate, both anode designs can
work well.

capability as more Li metal is transported by the electrolyte mixed
in the Si layer to plate toward the current collector (right panel),
which better inhibits the Li dendrite growth than a pure Si or
Si-graphite layer without mixing with solid electrolyte particles,
where Li tends to plate near the separator layer due to the diffu-
sion limit of Si or graphite (left panel). In addition, our design
also causes less lithiation of Si due to the transport of Li through
the solid electrolyte in the Si layer and more Li plating toward
the current collector, giving a lower anode voltage, and hence,
higher cell voltage. Our work provides new design principles of
fast device kinetics in SSBs for high power densities with long

cycling stability, which will be important to the applications of
high-performance battery devices when power density becomes
crucial.

2. Results and Discussion

2.1. Electrochemical Performance With Fast Kinetics Design

We first demonstrate that cell configuration design for cath-
ode and anode layers can dramatically increase the rate per-
formance of full cells at RT (Figure 2a). First, we use the two
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Figure 2. Electrode design for fast battery kinetics. a) Rate performance comparison for SSBs with different cell configuration at RT and a cathode
loading of 18 mg cm−2. The label of Si–G represents anode layers made by an Si–Graphite composite layer above a Li metal layer (i.e., Si–G|Li); while,
Si–Cl represents the anode structure of a layer of Si and argyrodite Li7−yPS6−yCly (LPSCly) composite above a separate graphite layer and a separate
Li metal layer in the battery assembly (i.e., Si–Cl|G|Li). The mixed catholyte represents mixed small and large particle size of argyrodite Li5.5PS4.5Cl1.5
(LPSCl1.5) electrolyte in the cathode composite layer; while, small or large catholyte represents cathode layer with only small or only large LPSCl1.5
electrolyte particles. b) Corresponding charge–discharge voltage curves at different C-rates of the full cell configuration with mixed catholyte cathode
versus Si–G anode (blue in [a]). c) Comparison of charge–discharge voltage curves at 4 C-rate of the full cells with different cell configuration. d,e) SEM
of the pristine (large particle) LPSCl1.5 (d) and the ball milled (small particle) LPSCl1.5 particles (e). The inset in (e) is at a larger magnification. f)
FIB-SEM-EDS mapping of the cross-section of mixed catholyte cathode composite. The inset on the right enlarges the region in the dashed rectangle
on the left. g) Impedance spectra analysis and comparison for different cell configurations. h) Comparisons of capacities at various temperatures for
different cell configurations.

layers of silicon–graphite composite layer above the Li metal
layer (Si–G|Li) as the anode to pair with different cathode layer
configurations. The cathode composite with mixed particle sizes
of argyrodite electrolyte Li5.5PS4.5Cl1.5 (LPSCl1.5) delivers much
higher capacity from single crystal LiNi0.83Mn0.06Co0.11O2 (NMC)
at high C-rates (light blue curve in Figure 2a) than the con-
trol cells with either large (green curve in Figure 2a) or small
(dark blue in Figure 2a) electrolyte particles in the cathode layer.
Figure 2b shows the corresponding voltage curves of the cell
with optimized cathode at different C-rates, where cut-off volt-
ages are adjusted at each C-rate for all batteries to compen-

sate for polarization at large current. Figure 2c shows the com-
parison of voltage curves for different cell configurations at
4 C-rate.

Figure 2d,e shows the SEM images of the as-synthesized pris-
tine LPSCl1.5 with a particle size ≈20 um, and the ball milled
LPSCl1.5 with a much-reduced particle size of ≈300 nm to 4 um.
Figure 2f shows the cross-section focused ion beam scanning
electron microscopy energy dispersive spectroscopy (FIB-SEM-
EDS) of the mixed catholyte cathode composite. The existence of
small LPSCl particles makes NMC particles well surrounded by
solid electrolytes; while, the large particles of LPSCl provide fast

Adv. Mater. 2024, 2309306 © 2024 Wiley-VCH GmbH2309306 (3 of 9)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202309306 by H
arvard U

niversity, W
iley O

nline L
ibrary on [18/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Li ion conduction through them with the lowest possible local
tortuosity.

On the anode side, to improve Li conductivity in the anode
layer, we mix 20 wt% pristine Li7−yPS6−yCly (LPSCly) with pure
silicon to form the Si–LPSCly (Si–Cl) composite layer and move
the graphite to a thin separate layer between Li metal and Si–Cl
layers to prevent the chemical reaction between Li and LPSCly
(Si–Cl|G|Li). This design further improves the high rate perfor-
mance (red curves in Figure 2a,c).

2.2. Kinetics Design for Nano Interfaces and Micron Thickness

To understand the cathode composite kinetics, we measure the
impedance at 25 °C (Figure 2g) and at various temperatures
(Figure S1, Supporting Information). In the circuit model to sim-
ulate the impedance spectra (Figure 2g1), R1 (interception at x
axis) is used to represent the resistance of the connected elec-
trolyte network including separator layers, catholyte, and anolyte,
and a constant phase element (CPE1) is used to represent the
Li diffusion in NMC. Two depressed semicircles are fitted at
≈500 Hz (R3-CPE3) and 10 kHz (R2-CPE2), respectively. The fit-
ted results of R2 and R3 are presented in Table S1, Supporting
Information.

The high-frequency 10 kHz semicircle is contributed by the Li
ion transport through solid electrolyte within the electrode com-
posite layers; while, the low-frequency 500 Hz semicircle is con-
tributed by the interface between electrode active material and
solid electrolyte in the composite matrices[20–22] at nano to sub-
micron scale. This is supported by the analysis of Figure 2g.
When only using large catholyte particles, we find small R2
(10 kHz) and large R3 (500 Hz). Conversely, when only using
small catholyte particles, it shows the opposite trend of large R2
and small R3 (Figure 2g2,g3). The large electrolyte particle gives
fast Li ion conduction with low local tortuosity at the expense of
insufficient interface contact to cathode particle (Figure 1c left
panel). In contrast, the small electrolyte particle gives slow Li ion
conduction due to high tortuosity in the composite layer, but it
can form good interface contact with cathode particle (Figure 1c
middle panel). We thus conclude that R2 is decided by the Li
ion conduction in the catholyte network; while, R3 is decided by
the cathode–electrolyte interface contact. Therefore, when mix-
ing large and small LPSCl1.5 in the cathode (Figure 1c right
panel), both 10 kHz (R2-CPE2) and 500 Hz (R3-CPE3) semicir-
cles become small, giving the lowest overall cathode resistance
(Figure 2g4,g5) for an optimized ion conductivity in the cathode
composite layer.

The activation energies (Ea) of interfaces are calculated and
presented in Figure S1 and Table S1, Supporting Information.
Interestingly, despite the smallest resistance from impedance
measurement, the cell configuration of mixed catholyte cathode
paired with Si–Cl anode gives an Ea of 284 meV, which is 37 meV
higher than the large catholyte-only configuration and 86 meV
higher than the small catholyte-only configuration. This is be-
cause Ea here corresponds to resistivity 𝜌 rather than to resistance
R, where 𝜎 = 1

𝜌
∝ exp(−Ea

kT
).

The much smaller interface resistance R3 but higher resistiv-
ity (𝜌) for the mixed catholyte cell than the large catholyte-only
cell thus suggests that although adding small LPSCl1.5 particles

increases the resistivity at various interfaces, the overall interface
contact area (A) is dramatically increased; thus, giving a much
lower resistance (R = 𝜌l/A) in the cathode layer, where l is the
interface thickness. Comparing the mixed catholyte cell with the
small catholyte-only cell, the interface R3 is comparable because
both cells now contain the small LPSCl1.5 particles. However,
the much smaller resistance R2 but higher interface resistivity
here in the mixed catholyte cell suggest that the existence of large
catholyte particles with high bulk conductivity effectively trans-
ports Li ions across the thick catholyte network, which dramati-
cally reduces R2.

Further, when comparing the anode configurations of Si–G|Li
with Si–Cl|G|Li for the activation energy using the same mixed
catholyte configuration, the latter is 42 meV larger than the for-
mer (Figure S1, Supporting Information), suggesting that adding
electrolyte to the anode layer may introduce extra interface reac-
tion to increase the Ea and interface resistivity, but the benefit
of the LPSCl1.0 region with much higher bulk ionic conductiv-
ity than Si, Li–Si alloy, and graphite effectively reduces the R3 in
the latter to 39 Ω (Figure 2g4) from the 51 Ω of the former case
(Figure 2g5).

Figure 2h compares the specific capacities of different full
cell configurations at 0.3 C-rate from RT to low temperatures.
With the same mixed catholyte configuration, Si–Cl|G|Li anode
shows better low temperature performance than the Si–G|Li an-
ode; while, with the same Si–Cl|G|Li anode, the mixed catholyte
configuration is much better than the other two configurations
without mixing catholyte particle sizes.

We then cycled the full cell at RT using the best cell design
with mixed catholyte cathode layer paired with Si–Cl|G|Li an-
ode (Figure 3a). Three batteries with different cathode loading
from 18 to 27 mg cm−2 could stably cycle with 2.5 to 4.6 mAh
cm−2 at charge rate ranging from 5 to 3 C for more than 2400
to 4200 cycles. These batteries were cycled in an oscillating tem-
perature range at RT from 22° to 30 °C without temperature con-
trol; thus, a fluctuating capacity in a range for each battery, sug-
gesting the robustness of our design against temperature fluc-
tuations near RT. Figure 3b–d shows the corresponding voltage
profiles with smooth curves throughout the cycling, which fur-
ther confirm a slow capacity decay without any short circuit. At
even higher loading, for example, ≈7 and ≈10 mAh cm−2, the
battery could still cycle at 1 and 0.5 C (Figure 1; Figure S2, Sup-
porting Information). Figure 3e–g shows the corresponding spe-
cific capacity of NMC in the three batteries starting at ≈150 mAh
g−1 and coulombic efficiency slightly fluctuating around 100%
due to temperature fluctuation, consistent with the very slow
speed of capacity decay. Such high power density at high areal
capacity for the long cycling of SSBs is for the first time demon-
strated through the fast kinetics design at the battery device level
(Figure 1).

We do not add carbon additives because at the NMC:catholyte
weight ratio of 7:3, electronic conductivity of the percolated NMC
network is high enough.[11] As seen in Figure S3a, Support-
ing Information, at low NMC:LPSCl1.5 weight ratio of 2:8 or
NMC:LGPS weight ratio of 4:6, the NMC network loses elec-
tronic percolation; thus, giving nearly zero capacity. Adding car-
bon nano fiber (CNF) can build electronic percolation in the cath-
ode layer; and thus, dramatically increase the capacity. In con-
trast, at high NMC:catholyte weight ratio of 7:3, adding CNF
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Figure 3. a) Cycling performance of full cells with the mixed catholyte paired with Si–Cl anode configuration at RT (temperature fluctuates in a range of
22–30 °C without environmental temperature control), with different areal capacity (≈2.5–4.6 mAh cm−2 or ≈18–27 mg cm−2 cathode loading), C-rate
(≈3–5 C-rate or ≈12–14 mA cm−2 current density), and nominal NP ratio (≈1.7–1.9), at a specific capacity ≈150 mAh gNMC

−1. The central electrolyte
separator layer used our iodine doped LPSCl1.5-I (See the Experimental Section). b) Cycling performance in pouch cell at 10 MPa external pressure and
5 C charge and discharge with a separator thickness of 75 um. b–d) Corresponding voltage curves to (a) as labeled in each panel. e–g) Corresponding
specific capacity of NMC and coulombic efficiency to the three batteries in (a) as labeled in each panel. Note that the lowest capacities in initial cycles,
corresponding to the lowest temperature in the fluctuating range, were used to plot Figure 1a.

slightly decreases the capacity of mixed-catholyte composite and
large-catholyte composite and gives marginal benefit to the small-
catholyte composite with the highest tortuosity among the three
types of cathode composites. This suggests that all three cathode
composite configurations with 70 wt% of NMC are already elec-
tronically percolated; while, CNF and/or CNF-induced decompo-
sition will only increase the ionic tortuosity.

2.3. Anode Kinetics Design Breaking the Limit from Rate–Voltage
Correlation

We now try to understand the significant kinetic improvement
of the Si–Cl|G|Li anode over the Si–G|Li anode. We first compare

the charge–discharge voltage curve of the second cycle at a slow
rate of 0.5 C for SSBs made by mixed catholyte cathode paired
with Si–G|Li anode of different Si weight percent (Figure 4a,b).
Li metal anode liquid electrolyte battery is used as the reference
for 0% Si. During charge, the initial voltage drops from 0% Si
to 20% Si, and then, the voltage profiles seem to converge from
35% Si up to 100% Si without further voltage drop (Figure 4a).
In addition, note that the initial voltage at the turning point in
the charge voltage profile (See the Experimental Section; Figure
S4, Supporting Information) is kept in a narrow voltage range
of 0.1 V from 3.6 to 3.5 V for batteries with 20–100% Si. This
process is saturated due to the relatively flat voltage profile of
Si–G anode when Li is charged toward it (Figure S5, Supporting
Information).
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Figure 4. Electrochemistry analysis and comparison of anode configurations. a) Charge and b) discharge voltage curves of SSB with Si–G|Li anode of
the same total weight of Si and graphite but different Si wt% and c) corresponding dQ/dV curves. d) The tradeoff relationship between critical C rate
at short circuit and the turning point voltage at the end of discharge at 0.3 C for SSBs with different anode configuration. The turning point is defined
as the voltage at the capacity of full discharge capacity minus 15 mAh g−1. Anode configuration includes Si–G|Li (green dots) and doped Si–G|Li (black
dots) anode at different NP ratios and the Si–Cl|G|Li anodes with small or large Si and LPSCly particles (orange dots). e) Comparison of CV curves of
full cells with different anodes. f) The b value obtained from CV cycling test of cells with different anode_1|electrolyte|anode_2 configurations. g) Cycling
performance comparison for different cathodes (mixed catholyte vs large catholyte only), anode (Si–G|Li vs Si-Cl|G|Li), and central separator (LGPS vs
LPSCl-I) layer combinations at extreme C-rate of 15 C charge (40.5 mA cm−2) and 10 C discharge.

During discharge, the voltage profiles are much more sepa-
rated with the Si composition change in the Si-graphite compos-
ite layer, with higher average discharge voltage for lower Si per-
centage (Figure 4b). Especially, the end-of-discharge voltage at the
turning point distributes in a wide voltage range of 0.4 V from
3.3 to 2.9 V for batteries with 20–100% Si. This charge–discharge
asymmetry can also be observed in the dQ/dV analysis of these
voltage profiles (Figure 4c), where the peaks in discharge show a
shift in a much broader voltage range than the charge ones. For
the control battery of liquid electrolyte cell with pure Li metal as
the anode (black curve in Figure 4c), the discharge dQ/dV peak
is at 3.7 V, and the most capacity is above 3.5 V. For the other
control battery of Si–G anode solid-state cell without Li metal foil
to provide any pre-lithiation to Si (pink curve in Figure 4c), the

discharge dQ/dV peak is the lowest among all the batteries at
3.23 V, suggesting that the anode exhibits the highest portion of
Si (de)lithiation capacity. Batteries with Si–G|Li anodes show CV
peak voltages between 3.23 and 3.7 V, where lower NP ratio (cal-
culated based on nominal capacity of Si anode) is correlated with
higher discharge voltage. This suggests that pre-lithiated Si–G
anode by the Li metal foil in Si–G|Li in comparison with the non-
prelithiated one exhibits a higher portion of lithium plating and
stripping capacity and lower portion of Si lithiation and delithia-
tion capacity.

We further measure the critical C-rate before short circuit for
SSBs with thick cathode of 18 mg cm−2 loading paired with dif-
ferent anode. These batteries show 150 mAh g−1 specific capac-
ity (2.7 mAh cm−2 areal capacity) in the charge regardless of the

Adv. Mater. 2024, 2309306 © 2024 Wiley-VCH GmbH2309306 (6 of 9)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202309306 by H
arvard U

niversity, W
iley O

nline L
ibrary on [18/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

voltage cut-off. In the test, we increase the C-rate in every cy-
cle from 0.3 C up to the C-rate with clear signal of short circuit
(Figure S4, Supporting Information). We define the first C-rate
in the series when short circuit happens as the critical C-rate. A
new correlation is unveiled, where critical C-rate negatively corre-
lates with the end-of-discharge voltage turning point at 0.3 C-rate
(Vend) for all the batteries we evaluate (Figure 4d). These batteries
include anode configurations of Si–G|Li at different nominal NP
ratio and doped Si–G|Li at a fixed NP ratio with small amount
of additive (Ge, Sn, Ag, etc.; see Table S3, Supporting Informa-
tion for more details) mixed to the Si powder by ball mill as well.
The anticorrelation in Figure 4d here suggests that higher dis-
charge voltage of the cell, and hence, more lithium metal capac-
ity and less Si capacity at anode, is associated with lower crit-
ical C-rate; and hence, easier to short. This makes sense as a
higher portion of Li metal plating and stripping at anode makes
the anode behave more like Li metal anode, which must suffer
from the issue of dendrite growth more easily at high current
densities.

For SSB application, it will thus be of a particular importance
to seek solutions to break such a correlation, so that, batteries can
exhibit both high critical C-rate for high power density and higher
discharge voltage for increased energy density, that is, moving to-
ward the right upper corner in Figure 4d is preferred. This is to
say, we want an anode design that can keep a significant portion
of Li metal plating and stripping, but, without the dendrite issue
at high current density. We find that the Si–Cl|G|Li anode config-
uration successfully breaks the correlation in such a way. When
small particles of 1 um Si and 3 um LPSCl1.0 are mixed at 80:20
weight ratio (Small_Si-Cl), the battery shows a high critical C-
rate above 10 C and a turning point voltage of 3.15 V, and when
large particles of 20 um Si and 20 um LPSCl1.5 (Large_Si-Cl) are
mixed, the battery shows a higher turning point voltage at 3.27 V
and a critical C-rate at 8 C.

Like the dQ/dV analysis in Figure 4c, we compare the
CV curves of Si–Cl|G|Li anodes with those of Si–G|Li anodes
(Figure 4e). The three anodes are at different NP ratios and pre-
lithiation levels. The anode of Si–G|Li at NP = 1.0, with Li metal
layer for pre-lithiation and low NP to limit the lithiation capacity
and promote the plating one, should be at the high-voltage end of
the anticorrelation in Figure 4d. In contrast, the anode of Si–G at
NP = 2.4 is without Li metal in the battery assembly, and hence,
no pre-lithiation to Si, and that of Si–G|Li at NP = 3.4 has suffi-
cient Si for more lithiation and less Li plating, both of which thus
should be at the low-voltage end. We find that the discharge CV
peak positions of the two Si–Cl|G|Li anodes with NP ratio of 1.9
are very close to the Si–G|Li anode with NP ratio of 1. This sug-
gests that mixing LPSCl1.5 electrolyte particles with Si particles
for Si–Cl|G|Li can significantly reduce the (de)lithiation capacity
per Si particle and increase the capacity portion of Li metal strip-
ping and plating.

The advantage of the Si–Cl|G|Li anode is that it still maintains
a much higher critical C-rate against Li dendrite penetration than
those Si–G|Li anodes at higher NP values. As shown in Figure 4d,
the critical C-rate of Si–Cl|G|Li anode at NP = 1.9 is close to that
of the Si–G|Li anode at NP = 2.4 or above, and at the same NP ra-
tio, the former anode design gives much higher critical C-rates.
Therefore, the capacity portion of Li metal plating/stripping in
Si–Cl|G|Li must happen at distinct locations in the anode region

from that of the Si–G|Li anode, so that, the Li dendrite growth is
much less preferred. As the soft sulfide electrolyte can also reduce
the porosity of the Si layer in the Si–Cl mixture and help trans-
port Li+ through the Si–Cl layer, more Li metal will plate at the
bottom region near the G-Li layer, and less Li deposition will hap-
pen in the region close to the interface with the electrolyte separa-
tor layer in Si–Cl|G|Li (Figure 1d right panel). In contrast, in the
Si–G|Li anode, Li will plate in the pore region of the Si–G layer
and higher C-rate will tend to force more Li metal to plate near
the interface to the electrolyte separator layer due to kinetic limits,
where Li dendrite can grow more easily to cause short circuit pen-
etration (Figure 1d left panel). Moreover, Cl1.5 and Cl1.0 as the
solid electrolyte have ≈four orders of magnitude larger Li diffu-
sivity than graphite and Li–Si alloy;[23–25] so that, they can extract
Li from the anode more efficiently with lower kinetic barrier to
reach a higher discharge voltage. Specifically, the Si–Cl|G|Li an-
ode can be even thinner than the Si–G|Li anode (Figure S6, Sup-
porting Information) as the graphite layer in the former design
is very thin. Thus, in the large_Si–Cl configuration, the 20 um
LPSCl1.5 particle in the Si layer can directly connect the neigh-
boring layers of the G|Li and the electrolyte separator to extract
Li more efficiently than the small_Si-Cl configuration, giving a
higher Vend.

To understand more about the kinetics mechanism behind
the phenomenon, we perform cyclic voltammetry (CV) measure-
ment (Figure S7, Supporting Information) of different anode_1|
electrolyte |anode_2 cells at a set of sweeping rates to extract
the b value that characterizes the overall kinetics[26] of the anode
configuration, where the anode contains Si–G with different NP
ratios and Si–Cl with different particle sizes. In general, the b-
value ranges from 0.5, where the process is diffusion limited, to
1.0, where a surface limiting process dominates. Figure 4f shows
that the b-value is much higher for Si–Cl|G|Li anodes, suggest-
ing better overall kinetics, consistent with their higher critical
C-rate.

Our fast kinetics design of SSB at both cathode and anode
layers also leads to an extreme C-rate capability of 15 C charge
(40.5 mA cm−2) and 10 C discharge at 55 °C that can be cy-
cled for 1100 cycles at ≈150 mAh g−1 (Figure 4g). The voltage
curves keep a smooth shape throughout the battery cycling, in-
dicating no short circuit even if the battery is cycled at such an
extreme current density for more than 1000 cycles (Figure S2e,
Supporting Information). Note that here the central electrolyte
layer in the multi-separator-layer design[2] uses iodine doped ar-
gyrodite of Li5.5PS4.5Cl1.35I0.15 (LPSCl-I) with optimized dynamic
voltage stability for Li dendrite constriction.[3] Without such an
electrolyte design, an NMC-Cl1.5(7:3)|Cl1.5|LGPS|Cl1.5|Si-G|Li
full cell based on LGPS central electrolyte layer shows a low ini-
tial specific capacity of 80 mAh g−1 that drops to 80% after only
600 cycles. With cathode optimization only, the capacity increases
to 135 mAh g−1, but the cycle life decreases to 250 cycles. With
additional Si–Cl|G|Li anode, both capacity and cycle life can be
increased dramatically.

3. Conclusion

In summary, a leap in full cell kinetics at high cathode load-
ing and area capacity has been achieved by designing hierarchi-
cal structures in electrode composites. In the cathode, we use
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the large electrolyte particle as a highway for Li-ion conduction
through the thick cathode layer plus the small electrolyte particle
to ensure the nano to submicron scale interface contact between
NMC particle and the catholyte matrix. In the anode, adding solid
electrolyte to the Si layer significantly improves the overall anode
kinetics, which increases the critical C-rate and discharge voltage.
The design principles unveiled by our work here will help under-
stand critical kinetic processes in the battery device that limit the
fast cycling at high cathode loading and speed up the design of
high performance SSBs.

4. Experimental Section
Materials Synthesis: Li5.5PS4.5Cl1.5 (LPSCl1.5) and

Li5.5PS4.5Cl1.35I0.15 (LPSCl-I) were prepared by high energy ball milling
and a subsequent annealing process. Stoichiometric amounts of Li2S
(99.9% purity, Alfa Aesar), P2S5 (99% purity, Sigma–Aldrich), LiCl (99%
purity, Alfa Aesar), and LiI (99% purity, Sigma–Aldrich) were milled
for 16 h in a planetary mill PM200 (Retsch GmbH, Germany) under a
protective argon atmosphere, followed by sintering at 550 °C in a quartz
tube.

Full Cell Assembly: A Li foil with a thickness of 15 μm was covered by
a silicon–graphite composite film made by mixing silicon, graphite (BTR,
China), and PTFE with a weight ratio of 47.6%:47.6%:4.8% (Si–G|Li), or,
by stacking graphite film and Si–Li7−yPS6−yCly (LPSCly) composite film
(Si–Cl|G|Li), where Si: LPSCly: PTFE = 76.2 wt%: 19 wt%: 4.8 wt% in
the Si–Cl layer. Si–Cl thickness labeled in Figure 1b was estimated by the
Si–G thickness measured in the SEM in Figure S6, Supporting Informa-
tion, NP ratios and materials densities. Nominal NP ratio was calculated
based on the theoretical capacity of Si (practically 3000 mAh g−1) and
NMC83 (200 mAh g−1). All cathode loading was at 18 mg cm−2 unless
otherwise labelled in the plot. In Figures 2a–c,g,h and 4g, cells have a
NP ratio of 2.4 for all the Si–G cells and NP 1.9 for the Si–Cl cell. In
Figure 4a,b,c, the Si to graphite weight ratio is changed in cells with a
changing NP ratio as labelled in Figure 4c at a fixed cathode loading of
18 mg cm−2. In Figure 4d, all the doped Si–G|Li anode cells are at NP
2.4, and all cells are at 18 mg cm−2 NMC. The battery with Si–Cl|G|Li an-
ode and 18 mg cm−2 cathode loading in Figures 2a,c and 3a is the same
battery with the LPSCl1.5 mixed with Si in anode. All other Si–Cl|G|Li bat-
teries were with LPSCl1.0 (Pascal, 3 um) mixed in the Si–Cl layer in the
anode. LPSCl to Si weight ratio was 2:8 in the Si–Cl layer. The cathode dry
film was made by mixing 30 wt% solid electrolyte, 70 wt% single-crystal
LiNi0.83Mn0.1Co0.07O2 (NMC83, 1–5-μm particle size, MSE Supplies),
and an additional 3 wt% PTFE. For large-only catholyte configuration, all
the 30 wt% solid electrolyte was the as-synthesized LPSCl1.5. For small-
only catholyte configuration, all 30 wt% solid electrolyte was ball-milled LP-
SCl1.5. The ball milling was conducted using MM500 nano (Retsch) with
8 Hz for 8 h. For mixed catholyte, 20 wt% small LPSCl1.5 and 10 wt% large
LPSCl1.5 were used. All batteries used multi-electrolyte-layer separator be-
tween cathode and anode layers, with 20 mg LPSCl1.5 and 100 mg LPSCl-
I as LPSCl1.5|LPSCl-I|LPSCl1.5 separator configuration. The full battery,
with a structure of anode|LPSCl1.5|LPSCl-I|LPSCl1.5|cathode, was pressed
together in a homemade pressurized cell at 400 MPa and kept at 50 MPa
during testing. All batteries were assembled in an argon atmosphere glove-
box. For RT battery cycling test, the temperature was not controlled to be
constant and was fluctuating between 22 °C and 30 °C through the cy-
cling test measured by thermometer. For non-cycling tests, the batteries
were evaluated inside a Memmert hpp110 or Espec environmental cham-
ber with temperature control. Battery cycling test was conducted using an
Arbin instrument.

Electrochemical Impedance Spectra (EIS): The EIS of full cells were
measured in a Solartron 1455A, over the frequency range from 0.1 Hz
to 1 MHz, with an AC measuring voltage of 0.01 V, after testing the
0.3 C capacity between 2.5 and 4.1 V at RT, 10 °C, and −5 °C, respec-
tively. All Nyquist plots were fitted with R(RQ)(RQ)Q equivalent circuit by
ZView.

Cyclic Voltammetry (CV): CV of anode_1| separator |anode_2 cells with
Li metal layers on both sides was conducted at Solartron 1470E between
−1.5 and 1.5 V, with different sweep rates from 0.5 to 3 mV s−1. The 0.5 mV
s−1 cycle was used as an activation cycle. Peak currents at each scan rate
were plotted versus scan rate and fitted with y= axb to extract the exponent
b value. Anode_1 was always the configuration of Si + 20 wt%_Cl1.5|G|Li
using large particles of Si and LPSCl1.5 (Large Si-Cl). Anode_2 was dif-
ferent for four different cell configurations of Si–G|Li at NP1.2, Si-G|Li at
NP3.6, Large_Si-Cl|G|Li, and Small_Si-Cl|G|Li using small particles of Si
and LPSCl1.5, respectively. NP1.2 or NP 3.6 was calculated based on a hy-
pothetical full cell as if the anode was paired with an 18 mg cm−2 NMC
cathode. Similarly, the two Si–Cl cells were at NP 1.9. More details can be
found in Figure S7, Supporting Information.

SEM: FEI Helios 660 was used for the cross-section focused ion beam
scanning electron microscopy energy dispersive spectroscopy (FIB-SEM-
EDS) imaging. The cycled pellet was transferred from an argon-filled glove-
box using a sealed plastic bag. The sample was exposed to air within 1
min during transfer. Ga+ milling procedures were conducted to create a
cleaned cross-section region at different currents. SEM-EDX imaging was
conducted using the inner EDAX tools and detector of the instrument.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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