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A more stable lithium anode by mechanical
constriction for solid state batteries†

Yibo Su,‡ Luhan Ye,‡ William Fitzhugh, Yichao Wang, Eva Gil-González, In Kim and
Xin Li *

In solid state batteries, lithium dendrites form when the applied current density is higher than a critical

value. The critical current density is often reported as 1–2 mA cm�2 at an external pressure of around

10 MPa. In this work, a more advanced mechanical constriction technique is applied on a solid-state

battery constructed with Li10GeP2S12 (LGPS) as the electrolyte and a lithium metal/graphite composite as

the anode, where the graphite layer was applied to prevent (electro-)chemical reactions between Li

metal and LGPS, as well as a short-circuit upon the application of pressure. The decomposition pathway

of LGPS at the anode interface is modified by this mechanical constriction design, and the growth of

lithium dendrites is inhibited, leading to excellent rate and cycling performances. No short-circuit or

lithium dendrite formation is observed for batteries cycled at a current density up to 10 mA cm�2.

Broader context
Lithium metal anode is extremely attractive for lithium ion battery applications, which, unfortunately, is impeded by the notorious issue of lithium dendrite
during battery cycling with serious safety concerns. All-solid-state batteries have long been considered as promising to prevent lithium dendrite penetration by
ceramic solid electrolytes with obviously higher mechanical strength than liquid electrolytes. However, most previous studies found oppositely that the critical
current density for solid batteries is often much lower, above which dendrites catastrophically grow. Here we demonstrate, for the first time, that an extremely
high cycling rate up to 10 mA cm�2 is enabled through a proper mechanical constriction design in solid batteries using the ceramic sulfide of Li10GeP2S12

(LGPS) as the electrolyte and graphite protected Li metal as the electrode without lithium dendrite formation. Here materials-level mechanical constriction on
the order of GPa is technically implemented by an external pressure on battery cells on the order of MPa, the chemically inert graphite interface and a right
procedure for battery assembly. Such constriction modulates the reduction decomposition of LGPS at several interfaces through different kinetically-limited
pathways with changing rates, which provides a new design strategy for all-solid-state lithium metal batteries with high-rate and long-term cycling capabilities.

Introduction

Solid state battery is one of the most promising candidates for
next-generation batteries because of intrinsic safety advantages
and the potential for a dendrite-free Li metal anode.1–4 Amongst
different solid-state electrolytes, ceramic-sulfide solid electrolytes
such as Li10GeP2S12 (LGPS) and Li9.54Si1.74P1.44S11.7Cl0.3 (LSPS) have
attracted significant attention due to the high ionic conductivities
of 12–25 mS cm�1.5–7

However, these sulfide electrolytes often form unstable
interfaces with Li metal.8 Assuming that the interface between
the sulfide electrolyte and lithium metal has negligible charge
density, the voltage at the contacting electrolyte will be 0 V

versus the lithium metal. At this interface, the electrochemical
and chemical instabilities of the interface are equivalent, as the
contacting electrolyte is always at 0 V versus the Li metal.
Additionally, many studies have revealed the electrochemical
instability of bulk LGPS and LSPS at low voltage.9,10 In particular,
LGPS is expected to electrochemically reduce at voltages below
1.7 V.7,11 This process leads to the degradation of battery
performance.12 Previous studies have suggested that mechanical
constriction can interplay with electrochemical stability to expand
the voltage window of solid electrolytes.7,13–15 For LGPS and LSPS,
the low voltage window can be expanded from approximately 1.7 V
to 0.7 V versus lithium metal, enabling Li4Ti5O12 as the anode.
However, direct contact of LGPS or LSPS with the lithium metal
anode for battery operation remains a challenge, and most
previous studies used Li–In alloys as the anode instead.16–18

Another problem for solid state batteries is the formation
of Li dendrites when the current density is increased.19,20 The
threshold current density for Li dendrite formation is defined
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as the critical current density,21 which largely depends on the
type of electrolyte and the testing conditions. For Li7La3Zr2O12,
the critical current density is as low as 0.6 mA cm�2.22 When
the current density is higher than the critical current density,
voids form and accumulate on the Li–electrolyte interface
during battery cycling,20 which leads to a continuous increase of
local current density until the threshold for dendrite formation,
followed by a short circuit. However, it was found that pressure can
effectively inhibit this process by reducing the voids. In a sym-
metric solid state battery using lithium metal to sandwich Li6PS5Cl
sulfide electrolyte on both sides for a Li/Li6PS5Cl/Li battery
construction, the critical current density can be increased from
0.2 to 1 mA cm�2 when the external pressure during the battery
test increases from 3 MPa to 7 MPa.20 Note that compared with
LGPS or LSPS, Li–P–S based electrolytes without Ge or Si element at
some chemical compositions were found to give more stable battery
performances in direct contact with the lithium metal anode.5,23,24

Here, we show that an advanced mechanical constriction
method can improve the stability of the lithium metal anode in
solid state batteries with LGPS as the electrolyte. More importantly,
we demonstrate that there is no Li dendrite formation and
penetration even after a high rate test at 10 mA cm�2 in a
symmetric battery. The mechanical constriction method is
technically realized through applying an external pressure of
100 MPa to 250 MPa on the battery system through a volume
constricted battery cell, where the Li metal anode is covered by a
graphite film (G) that separates the LGPS electrolyte layer in the
battery assembly to prevent the interface chemical reaction.
Furthermore, such constriction also enforces a close contact
on the interfaces between electrolyte particles, as well as
between the electrolyte layer and the Li/G anode, where a
materials-level mechanical constriction on the order of GPa is

realized on the otherwise exposed and thus unconstrained
particle surface, to prevent the interface electrochemical reaction
in battery tests. At the optimal Li/G capacity ratio, our method
leads to excellent cyclic performances in both Li/G–LGPS–G/Li
symmetric batteries and Li/G–LGPS–LiCoO2 (LiNbO3 coated)
all-solid-state batteries. We show that upon cycling, the Li/G
anode transforms from two layers into one integrated composite
layer. Comparison between Density Functional Theory (DFT)
computation and X-ray Photoelectron Spectroscopy (XPS) analysis
yields the first ever direct observation of mechanical constriction
controlling the decomposition reaction of LGPS. Moreover, the
degree of decomposition is seen to become significantly suppressed
under optimum constriction conditions.

Design of the Li/graphite anode

We first investigate the chemical stability between LGPS and
(lithiated) graphite through the high temperature treatment of
their mixtures at 500 1C for 36 hours inside an argon filled
glovebox for an accelerated reaction.13 XRD measurements are
performed on different mixtures before and after heat treatment,
as shown in Fig. 1(A–C). Severe decomposition of LGPS in contact
with lithium was observed accompanied by Li2S, GeS2 and
Li5GeP3 formation (Fig. 1A). In contrast, no peak change occurs
for the mixture of LGPS and graphite after heating, as shown in
Fig. 1(B), demonstrating that graphite is chemically stable with
LGPS. After heating the mixture of Li and graphite powders,
lithiated graphite is synthesized (Fig. S1, ESI†). When the
lithiated graphite is further mixed with LGPS, it is demonstrated
to be largely chemically stable in Fig. 1(C), with only a slight
intensity change for the 261 peak.

Fig. 1 (A–C) XRD of different powder mixtures before and after heat treatment at 500 1C for 36 hours ((A) Li + LGPS; (B) graphite + LGPS; (C) lithiated
graphite + LGPS). The symbols and corresponding phases are: LGPS; + Li; * graphite; � LiS2; , GeS2; $ GeLi5P3. (D) The structure of the Li/graphite
anode in the LGPS based all-solid-state battery; (E) SEM image of the cross section of the Li/graphite anode; and (F) FIB-SEM of the interface of Li and
graphite.
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The Li/graphite anode is thus designed as illustrated in
Fig. 1(D). The protective graphite film was made by mixing
graphite powder with PTFE and then covering onto the lithium
metal. The three layers of the Li/graphite anode film, the
electrolyte layer and the cathode film are stacked together
sequentially, followed by mechanical pressing. The pressure
was maintained at 100–250 MPa during the battery test. Such
pressure helps obtain a good contact between the electrode and
the electrolyte based on the conventional wisdom in this
field,20,25–28 but, more importantly, it serves as a mechanical
constriction for improved electrochemical stability of the solid
electrolyte, as will be discussed later when XPS is compared
with DFT.7,14,15 Scanning electron microscopy (SEM) shows that
the graphite particles transform into a dense layer under such
high pressure (Fig. S2, ESI†). The as-prepared anode before the
battery test can be directly observed via SEM and focused ion

beam (FIB)-SEM in Fig. 1(E and F). The three layers of Li,
graphite and LGPS are clear with close interface contact.

Cyclic and rate performance of the
Li/graphite anode
Li/graphite anode in symmetric batteries

The electrochemical stability and rate capability of the Li/graphite
(Li/G) anode are tested with an anode–LGPS–anode symmetric
battery design under 100 MPa external pressure. The comparison
of cyclic performance between the Li/G–LGPS–G/Li and Li–LGPS–
Li batteries is shown in Fig. 2(A). The Li symmetric battery works
only for 10 hours at a current density of 0.25 mA cm�2 before
failure, while the Li/G symmetric battery is still running after
500 hours of cycling with the overpotential increasing slowly to

Fig. 2 (A) The comparison of cyclic performance between the Li/G–LGPS–G/Li and Li–LGPS–Li symmetric batteries; (B) the SEM images of the
symmetric batteries after cycling. The Li/G–LGPS–G/Li symmetric battery after 300 hours’ cycling (B1 and 2) and the Li–LGPS–Li symmetric battery after
10 hours’ cycling (B3 and 4); (C) the rate performance of Li/G–LGPS–G/Li symmetric batteries under different pressures. (D) The SEM images of
Li/G–LGPS–G/Li symmetric batteries under different pressures after the rate tests. (E) The ultra-high rate performance up to 10 mA cm�2 of Li/G–LGPS–
G/Li symmetric batteries. The pressure applied in (E) is 250 MPa. The insets are the cycling profiles plotted in the range of �0.3 V to 0.3 V, showing that
there is no obvious change of the overpotential after the high rate cycling. More voltage profile enlargements are shown in Fig. S6 (ESI†).
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0.28 V. The stable cyclic performance is repeatable, as shown in
Fig. S3 (ESI†) from another battery with a slower overpotential
increase from 0.13 V to 0.19 V after 300 hours’ cycling, indicating
that such a slight overpotential change varies with the battery
assembly. SEM shows that the Li/graphite anode transforms from
two layers to one integrated composite layer without notable
change of the total thickness after long-term cycling (Fig. S4,
ESI†). The SEM images of the Li/G anode after 300 hours’ cycling
in a symmetric battery are compared with the Li anode after
10 hours’ cycling in Fig. 2(B). The Li/G anode maintains a dense
layer of lithium/graphite composite after the long-term cycling
(Fig. 2B1 and B2). In comparison, there appear countless pores in
the Li anode after 10 hours of testing, which are most probably
induced by the severe decomposition reaction of LGPS with
Li metal. The pores are harmful to both the ionic and electronic
conductivities, which might be responsible for the sharp
voltage increase when the Li symmetric battery fails at 10 hours.
Note that the Li/G composite after cycling shows a black color
(Fig. S4C, ESI†), indicating no obvious Li staging in graphite at
or beyond LiC18.29

We also compare the rate performance of the Li/G sym-
metric battery under different external pressures of 100 MPa or
3 MPa as shown in Fig. 2(C). The same charging and discharging
capacities were set for different current densities by changing the
working time per cycle. At 100 MPa the Li/G symmetric battery
can cycle stably from 0.25 mA cm�2 up to 3 mA cm�2 with an
overpotential increase from 0.1 V to 0.4 V and can then cycle back
normally to 0.25 mA cm�2 (Fig. 2C1) with a very slight increase of
the overpotential, while at 3 MPa the battery fails during the test
at 2 mA cm�2 (Fig. 2C2). Note that at the same current density,
the overpotential at 100 MPa is only around 63% of that under
3 MPa. The shape of the potential–time curve is related to the
diffusivities of Li+ ions. The diffusivity of lithium ions in graphite
(10�9 cm2 s�1)30 is much smaller than that in LGPS (10�4 cm2 s�1).31

The growth of polarization from the graphite layer makes the curve
shape more like a zigzag curve.32 The SEM images of the Li/G–LGPS
interface after the rate test up to 2 mA cm�2 show close interface
contact at 100 MPa (Fig. 2D1), while cracks and voids are
observed after the test at 3 MPa (Fig. 2D2). Thus, the external
pressure first plays the role of maintaining the close interface
contact during the battery test, contributing to the better rate
performance.

To further understand the influence of the Li/G composite
formed by battery cycling on its high rate performance, a
battery test has been designed like Fig. 2(E1). Here, a higher
external pressure of 250 MPa was kept during the test. It starts
at 0.25 mA cm�2 for 1 cycle and then directly goes to 5 mA cm�2

charge, which shows a sharply increased voltage that leads to
the safety stop. We then restarted the battery instantly, running
at 0.25 mA cm�2 again for ten cycles followed by 5 mA cm�2 for
the next ten. This time the battery runs normally at 5 mA cm�2

with an average overpotential of 0.6 V, and it can still go back to
cycle at 0.25 mA cm�2 without an obvious overpotential increase.
At a fixed current, the initial voltage surge at 5 mA cm�2 indicates
a resistance jump, which is most probably related to the fact that
Li and graphite are two layers as assembled, and hence there is

not sufficient Li in graphite to support such a high current
density. However, after 20 hours’ cycling at 0.25 mA cm�2, Li/G
is on the track of turning into a composite, as shown in Fig. 2(B)
and Fig. S4 (ESI†), with much more Li storage to support the
high rate cycling test. A long high-rate cycling performance was
realized by charging the symmetric battery at 0.25 mA cm�2 and
discharging at 5 mA cm�2 (Fig. S5, ESI†). Li in graphite is
replenished by the slow charge, which prevents the kinetic limit
due to the inefficient Li storage and the increase of the over-
potential with high rate cycling.

Based on the above understanding, we further lowered the
current density for the initial cycles to 0.125 mA cm�2 and
cycled with the same capacity of 0.25 mA h cm�2 for a more
homogeneous Li distribution and storage in the Li/G composite
for improved lithium transfer kinetics. As shown in Fig. 2(E2),
the battery can cycle at a current density of 10 mA cm�2 and
cycle normally when the current density was set back to
0.25 mA cm�2. Note that there is no obvious overpotential
increase at the same low current rate before and after the high
rate test, as shown in the insets of Fig. 2(E) and Fig. S6 (ESI†),
where the SEM of the Li/G anode of this battery also shows a
clear formation of the Li/G composite without obvious Li
dendrites observed on the interface.

Li/graphite anode in all-solid-state batteries

The Li/G anode is applied to a Li/G–LGPS–LiCoO2 (LCO) (LiNbO3

coated) construction of solid-state batteries. It is notable that
various capacity ratios of Li to graphite lead to different initial
charging/discharging curves, initial Coulombic efficiencies (iCE)
and open circuit voltages (OCV) as shown in Fig. 3(A–C). When
there is only graphite as the anode, the iCE is only 32.6% with an
OCV of 0.16 V. The poor iCE is due to the Li consumption in the
graphite anode, which is not necessarily due to intercalation, but
may also be consumed by the capacitor effect and defects on the
surface of graphite particles. The very low OCV is due to the fact
that the voltage of graphite without Li intercalation is higher than
2 V, which is close to the OCV of LCO. In addition, there is no
chemical reaction between graphite and LGPS, so graphite can
keep its original high voltage. However, there is no extra lithium
source replenishing the full battery, giving a poor cycling
performance of the battery with pure graphite as the anode
(Fig. S7, ESI†). When the Li/G capacity ratio increases, both the
iCE and OCV rise until a Li/G ratio of 2.5 : 1, where the iCE is
91.4% and the OCV is around 2.0 V, which shows the best
cycling performance among the different ratios (Fig. S7, ESI†).
A further increase of the Li/G ratio gives a higher OCV while the
iCE and the cycling capacity drop. This could be due to the
reaction between Li and LGPS when less graphite is applied.
When only using Li as the anode, the iCE is only 66.0% despite
a high OCV of 2.4 V, while the battery cannot cycle. From the
cycling performance, OCV and iCE of batteries with different
Li/G ratios, we suggest that Li metal acts as a Li ion source in
the composite anode, while graphite is largely a protection layer
to prevent the interface reaction between LGPS and Li. More
graphite, however, will consume more lithium. The competition
between those two factors of protection and consumption gives
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an optimal Li/G ratio of 2.5 : 1 (thickness ratio = 1.3 : 1). With the
optimal Li/G anode, a stable cyclic performance is realized with
the capacity stabilized at around 100 mA h g�1 (based on LCO)
as shown in Fig. 3(D). The corresponding voltage profiles are
shown in Fig. S7A (ESI†). In contrast, the poor cyclic perfor-
mance using Li as the anode is shown in Fig. S7B (ESI†).

The stability mechanism of LGPS at low
voltages under mechanical
constriction

The platform we invented here that uses the Li/graphite com-
posite to enable high external pressure in battery operation
gives us the opportunity to directly test our unique physical
picture that both the voltage stability window and decomposi-
tion pathway can be modulated by mechanical constriction on
the materials level. This investigation will also help elucidate
the fundamental details about how the Li/G anode works well
with LGPS under external pressure. We first perform DFT
simulations of the LGPS decomposition pathways in the low
voltage range of 0.0–2.2 V versus lithium metal. Following
previous works,7,14,15 the mechanical constriction on the mate-
rials level is parameterized by an effective bulk modulus (Keff) of

the system. Based on the value of this modulus, the system can
range from isobaric (Keff = 0) to isovolumetric (Keff = N). The
expected values of Keff in real battery systems are on the order
of 15 GPa.7,14,15 In the following, these simulation results are
used to interpret XPS results of the valence changes of Ge and P
from LGPS in the solid state batteries after CV, rate and
cycling tests.

As shown in Fig. 4(A), the decomposition capacity of LGPS is
lower at high effective moduli, indicating that the decomposi-
tion of LGPS at low voltage is largely inhibited by mechanical
constriction. The predicted decomposition products and frac-
tion number are listed in Fig. 4(B) and Table S1 (ESI†),
respectively. At Keff = 0 GPa (i.e. no applied mechanical con-
straint/isobaric), the reduction products approach the lithium
binaries Li2S, Li3P, and Li15Ge4 as the voltage approaches zero.
This is consistent with previous computational predictions.33

However, after mechanical constriction is applied and the effective
modulus is set at 15 GPa, the formation of Ge element, LixPy and
LixGey are suppressed, while compounds like PxGey, GeS, and P2S
are emergent. This is also in agreement with the fact that PxGey is
known to be a high pressure phase.34 The voltage profiles and
reduction products at different Keff shown in Fig. 4 indicate that
the decomposition of LGPS follows different reduction pathways at
low voltage after the application of mechanical constriction.

Fig. 3 (A) The comparison of the initial charge/discharge curves, (B) the initial Coulombic efficiencies and (C) the open circuit voltages after 1 hour rest,
for different capacity ratios of Li to graphite in the Li/G–LGPS–LCO (LiNbO3 coated) system. The Li/G capacity ratio of 0, 0.5, 0.8, 1.5, 2.5 and 4 can be
translated into a Li/G thickness ratio of around 0, 0.3, 0.4, 0.8, 1.3, and 2.1 respectively, where the weight of Li metal remains the same at B1 mg and the
weight of graphite varies. Without a specific explanation, the Li/graphite thickness ratio is 1.0–1.3 by default in this work. (D) Cyclic performance of the
Li/G–LGPS–LCO (LiNbO3 coated) battery.
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It is worth noting that while the applied pressure and the
effective modulus (Keff) are both measured in units of pressure,
they are independent. The effective modulus represents the
intrinsic bulk modulus of the electrolyte added in parallel with
the finite rigidity of the battery system.7,14,15 Accordingly, Keff

measures the mechanical constriction that can be realized on
the materials level in any single particle,14,35 while the external
pressure applied on the operation of a solid state battery is
necessary to enforce the effectiveness of such constriction on
the interface between particles or between the electrode and
electrolyte layers.14 This is because an exposed surface is the
most vulnerable to chemical and electrochemical decomposition,
while close interface contact enforced by external pressure will
minimize such a surface. Thus, even though the applied pressure
is only on the order of 100 MPa, the effective bulk modulus is
expected to be much larger. In fact, based on ref. 14, close packed
LGPS particles should experience a Keff of approximately 15 GPa.
The applied pressure of 100–250 MPa is an effective tool for
obtaining this close packed structure. In short, the applied pres-
sure minimizes gaps in the bulk electrolyte, allowing for the
effective modulus that represents the mechanical constriction on
the materials level to approach its ideal value of circa 15 GPa.

The XPS results of LGPS that was either in a direct contact
with lithium or lithium–graphite anode, or in the region away
from that contacting interface, during battery cycling are provided
in Fig. 5. These measurements of valence change can be well
understood in light of the phase predictions of Fig. 4(B). LGPS in
the separator region far from the anode interface shows Ge and P
peaks identical to the pristine LGPS (Fig. 5A). This is consistent
with previous literatures,8,36,37 which gives the Ge4+ and PS4

3�

reference valence states for the following comparison.
We first investigate the function of the Li/G composite in

comparison with pure lithium metal at a slow rate of 0.25 mA cm�2

under 100 MPa external pressure (Fig. 5B and C). With pure
lithium metal (Fig. 5C) the reduction of both Ge and P is
significant on the Li–LGPS interface, showing the formation
of a LixGey alloy,37 elemental Ge,38 and Li3P.8,39,40 Note that the
Ge valence in LixGey and P valence in Li3P are negative or below
zero valence, consistent with the Bader charge analysis from
DFT simulations (Fig. S8, ESI†). In contrast, with the Li/G anode

the reduction is inhibited on the Li/G–LGPS interface, with
both the Ge and P valences remaining above zero in the
decomposed compounds (Fig. 5(B)). The Li and LGPS interface
is chemically unstable, leading to decompositions8 that include
the observed compounds in Fig. 5(C). These decompositions
are also consistent with the predicted ones in Fig. 4(B) at Keff at
0 GPa. Further electrochemical cycling of such a chemically
decomposed interface will cause the decomposed volume fraction
to grow, ultimately consuming all of the LGPS. On the contrary, the
graphite layer in the Li/G anode prevents the chemical interface
reaction between LGPS and Li, while under the proper mechanical
constriction the electrochemical decomposition seems to go through
a pathway of high Keff Z 10 GPa in Fig. 4(B), where GeS, PxGe, and
P2S match the observed valences from XPS in Fig. 5(B).

When the cycle rate is increased to 2 mA cm�2 and 10 mA cm�2,
the observed decompositions on the Li/G–LGPS interface under
external pressures in Fig. 5(D) and (E) change to a metastable
pathway that is different from the low rate one at 0.25 mA cm�2

in Fig. 5(B). This implies that while Fig. 5(B) agrees with the
thermodynamics predicted in Fig. 4, at high current densities
the decomposition becomes kinetically dominated. Moreover, it
is concluded that the Li/Ge alloy formation seen in Fig. 5(D) and
(E) is the kinetically preferred phase in place of the reduced P.
Specifically, Ge0 and LixGey together with Li3PS4 and Li7PS6 are
the most possible decompositions based on the valences from
XPS. Note that at an external pressure of 3 MPa and hence
reduced Keff on the interfaces, both Ge and P reductions are
observed even at a high rate of 2 mA cm�2 (Fig. 5F), consistent
with the general trend predicted at low Keff in Fig. 4(B). However,
the P reduction might still be kinetical rate-limited, as the most
reduced state of Li3P, as predicted in Fig. 4(B) at Keff = 0 GPa and
observed in Fig. 5(C) from the interface chemical reaction, was
not observed.

Following the discussion in ref. 41 these two competing
reactions with thermodynamic and kinetic preferences, respectively,
can be understood by considering a current dependent overpoten-
tial (Z0(i)) for each of these two competing reactions (Z - Z + Z0(i)).
This Z0 term would arise from kinetic effects such as ohmic losses,
etc. When the current is small (i E 0), Z0 disappears, and thus the
thermodynamic overpotential (Z) dominates and favors the ground

Fig. 4 (A) Voltage profiles of LGPS decomposition at different effective moduli (Keff). (B) Reduction reaction pathways corresponding to different Keff and
the products in different phase equilibria within each voltage range. All decomposition products here are the ground state phases within each voltage
range. The exact decomposition reactions are listed in Table S1 (ESI†).
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state decomposition products of Fig. 4. However, at high currents, Z0

begins to dominate and favors metastable phases, such as LixGey at
high Keff, in our computations, which are not shown in Fig. 4 as they
are all ground state phases in each voltage range.

The impedance profiles before and after CV tests (Fig. S9A,
ESI†) under 100 MPa or 3 MPa are compared in Fig. S9B and C
(ESI†) after fitting with the model shown in Fig. S9D (ESI†). The
calculated Rbulk (bulk resistance) and Rct (charge transfer
resistance, here it is majorly the interface resistance) are listed
in Table S2 (ESI†). Rct (38.8 O) under 100 MPa is much smaller
than that under 3 MPa (395.4 O) due to the better contact at
high pressure. After the CV test, there is hardly any change of
Rbulk for the battery under 100 MPa, while that of the battery
under 3 MPa increases from 300 O to 600 O. The significantly
elevated resistance is attributed to the more severe decomposition
of LGPS under an ineffective mechanical constriction. Again, from
electrochemical tests, it is proven that the degree of decomposition
is significantly inhibited under optimum constriction conditions.

Conclusion

A lithium–graphite composite enables the application of a high
external pressure during the testing of solid-state batteries with
LGPS as the electrolyte. This creates a high mechanical con-
striction on the materials level that contributes to the excellent

rate performance of the Li/G–LGPS–G/Li symmetric battery.
After cycling at high current densities up to 10 mA cm�2 for
such solid-state batteries, cycling can still be performed normally at
low rates, suggesting that there is no lithium dendrite penetration
or short circuit. The reduction pathways of LGPS decomposition
under different mechanical constrictions are analyzed by using
both experimental XPS measurements and DFT computational
simulations. It shows, for the first time, that under a proper
mechanical constraint, the LGPS reduction follows a different
pathway. This pathway, however, can be influenced kinetically
by the high current density induced overpotential. Therefore,
the decomposition of LGPS is a function of both mechanical
constriction and current density. From the battery cycling perfor-
mance and impedance tests, it is shown that high mechanical
constriction along with the kinetically limited decomposition path-
way reduces the total impedance and realizes a LGPS-lithium metal
battery with excellent rate capability.

Methods
Electrochemistry

LGPS was either purchased from MSE Supplies or synthesized
following previous methods.8,14,17 The graphite thin film is made
by mixing the active materials with PTFE. The weight ratio of the
graphite film is graphite : PTFE = 95 : 5. All the batteries are

Fig. 5 XPS measurement of Ge and P for anode–LGPS–anode symmetric batteries with the X-ray beam focused on (A) the center part LGPS away from
the interface with Li/G and (B) the interface between Li/G and LGPS in the Li/G–LGPS–G/Li cell under 100 MPa after 12 hours’ cycling at 0.25 mA cm�2;
(C) the interface between Li and LGPS in the Li–LGPS–Li symmetric battery under 100 MPa after 10 hours’ cycling at 0.25 mA cm�2 (failed); (D) the
Li/G–LGPS interface after the rate test at 2 mA cm�2 under 100 MPa and (E) 10 mA cm�2 under 250 MPa; and (F) the Li/G–LGPS interface at 2 mA cm�2

under 3 MPa.
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assembled using a homemade pressurized cell in an argon-filled
glovebox with oxygen and water o0.1 ppm. The symmetric
battery (Li/G–LGPS–G/Li or Li–LGPS–Li) was made by pre-
pressing three layers of Li(/graphite)–LGPS powder–(graphite/)Li
together and keeping at different pressures during the battery tests.
The Li foil and graphite film were rolled into a very thin layer with a
thickness of around 30–35 mm and 25–30 mm, respectively. The
weight of the lithium foil is around 1 mg with a diameter of 5/160.
The weight of the graphite film is 4–5 mg with a diameter of 3/80.
The weight and thickness of the LGPS pellet after pre-pressing are
100 mg and 500 mm. The thickness of Li–LGPS–Li, Li/G–LGPS–G/Li,
G–LGPS–G and LGPS pellets under pressure was measured by a
material testing machine (Fig. S10, ESI†). The batteries were charged
and discharged at different current densities with a total capacity of
0.25 mA h cm�2 for each cycle. LiCoO2 half batteries were made by
cold pressing a Li/graphite composite–LGPS powder-cathode film
using a hydraulic press and keeping the pressure at 100–250 MPa.
LiCoO2 is coated with LiNbO3 using the sol–gel method.14 The
weight ratio of all the cathode films is active materials : LGPS :
PTFE = 68 : 29 : 3. Battery cycling data were obtained on a LAND
battery testing system. The average weight of the cathode film is
around 3 mg. The specific capacity is calculated based on the weight
of LCO in the cathode; the capacity ratio of the positive to negative
electrodes (P/N ratio) is 0.57 based on the capacity of graphite and
0.16 based on the Li/G composite. The cyclic performance was
tested at 0.1C at 25 1C. The CV test (Li/G–LGPS–LGPS/C) was
conducted on a Solartron 1400 cell test system between OCV and
0.1 V with a scan rate of 0.1 mV s�1. The LGPS cathode film for the
CV test was made with LGPS : super P : PTFE = 87 : 10 : 3.

Material characterization

XRD. The XRD sample was prepared by hand-milling LGPS
powder with lithium metal and/or graphite with a weight ratio =
1 : 1 in a glovebox. The powder mixtures were put on a hotplate
and heated to the nominal temperature (500 1C) for 36 hours
and then characterized by XRD. XRD data were obtained using
a Rigaku Miniflex 6G. The mixtures of LGPS and graphite
before and after the high temperature treatment were sealed
with Kapton film in an argon-filled glovebox to prevent the air
contamination.

SEM and XPS. Cross-section imaging of the pellet of
Li/graphite–LGPS–graphite/Li was performed using a Supra 55
SEM. The pellet was broken into small pieces and attached onto
the side of a screw nut with carbon tape to make it perpendi-
cular to the electron (or X-ray) beam. The screw nuts with the
samples were mounted onto a standard SEM stub and sealed
into two plastic bags inside an argon-filled glove box. FIB-SEM
imaging was conducted on an FEIHelios 660 dual-beam system.
XPS was performed using a Thermo Scientific K-Alpha+ with a
beam size of 70 mm. The samples were mounted onto a
standard XPS sample holder and sealed with plastic bags as
well. All samples were transferred into a vacuum environment
in about 10 seconds. All XPS results were fitted through peak-
differentiating and imitating via Avantage.

Computational methods. All DFT calculations were per-
formed using the Vienna Ab initio Simulation Package (VASP)

following the Materials Project calculation parameters.42 A
K-point density of 1000 kppa, a cutoff of 520 eV, and the VASP
recommended pseudopotentials were used. Mechanically
constrained phase diagrams were calculated using Lagrange
minimization schemes as outlined in ref. 14 for effective
moduli of 0, 5, 10 and 15 GPa. All Li–Ge–P–S phases in the
Materials Project database were considered. Bader charge analysis
and spin polarized calculations were used to determine the
charge valence.
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