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high diffusivity of Li atoms along the interface between Li and
the mixed ionic and electronic conductors, such as lithium
alloys and LiC6, can lead to diffusive creep (i.e., Coble creep)
of Li atoms at the interfaces, providing another transport
mechanism of Li in addition to bulk diffusion. Li et al. also
mentioned that the interfacial diffusivity of Li atoms with
typical mixed conductors is so high that the role of the bulk
diffusivity of Li atoms is minimal.34 Understanding the
dominant Li transport mechanism in composite Li metal
anodes (bulk versus interface transport) is critical for
establishing the design principle of high-performance lithium
anodes for solid-state batteries, but such information has not
been revealed.

In this study, we aim to understand the effect of carbon
materials on the Li cycling performance of composite Li metal
anodes in solid-state batteries. Four representative carbon
materials, including carbon nanotubes (CNTs), carbon black
(Super P), mesoporous carbon (CMK-3), and graphite (KS6),
are studied here. The variation of carbon materials, upon
lithiation, can not only lead to distinct differences in the Li
diffusivities in the bulk35−37 but also generate different
contents of interfaces with Li metal that can promote
interfacial creep. By correlating the electrochemical perform-
ance with the transport mechanism, we can indirectly probe
the Li transport mechanism in these composite anodes. While
most carbon materials can demonstrate a comparable or better
performance than planar Li foil, graphite exhibits the best
electrochemical performance in terms of mitigating void
formation and dendrite penetration, suggesting the effective
role of graphite over other types of carbon materials in
improving the transport of Li atoms in solid-state composite Li
metal anodes.

Four representative carbons were selected as the 3D host for
this study, including carbon nanotubes (CNTs, length 2.5−20
μm, diameter 6−13 nm), ordered mesoporous carbon (CMK-
3, particle size ∼1 μm, pore size 3.8−4.2 nm), carbon black
(Super P, particle size ∼40 nm), and graphite (KS6, particle
size ∼3.4 μm) (Table S1). The geometric parameters of these
carbons were also confirmed by the SEM tests (Figure S1).
Typical features of carbonaceous materials, including the D
band and G band, can be seen from the Raman spectra (Figure
1a). By comparing the ratio of the integrated intensity (peak
area) of the D band and G band, we can see that the degree of
graphitization increases from carbon nanotubes, carbon black,
ordered mesoporous carbon, to graphite. The XRD patterns of
these carbons (Figure 1b) are also consistent with the previous

report.38−41 A sharp peak corresponding to (002) can be
observed for graphite, and the intensity of this peak gradually
decreases from CNTs, to carbon black, to mesoporous carbon
due to the decrease in the degree of graphitization as well as
the size effect.

These carbons were then mixed with a stabilized lithium
metal powder (SLMP) to prepare the Li−C composite anode.
The composite anode powders were pressed under 15 MPa
during cell fabrication as the anodes of solid-state batteries.
The content of carbon was fixed at 5 wt % to get a fair
comparison across all composite Li anodes.30 The composite
Li anodes are quite dense with a uniform distribution of carbon
based on the cross-section SEM images and elemental
mapping (Figure S2). Figure 1c shows the XRD results of
the composite Li anodes with various carbon additives. All
composite anodes exhibit clear reflections from Li metal, but
only Li-KS6 exhibits apparent diffraction patterns from
LiC6.33,42 The almost-identical XRD patterns of three Li-KS6
synthesized under the same conditions (Figure S3) also
validated the reproducibility of the synthesis method.

The electrochemical performance of various Li−C compo-
site anodes was evaluated by galvanostatic cycling of symmetric
cells at increasing current density at room temperature under a
stack pressure of 15 MPa (Figures 2a to 2e). Li6PS5Cl was used
as the solid electrolyte for all of the anodes. The critical current
density (CCD), at which a large voltage drop is observed, is
used as the parameter to compare the Li cycling performance
of these composite anodes. A decrease in the overpotential for
Li cycling can be observed after introduction of a carbon
additive in Li (Figure S4), suggesting the positive influence of
the carbon additive on the kinetics. Figure 2f summarizes the
CCD of the anodes with the error bars determined from three
repeated measurements (Figure S5). All composite Li anodes
except for Li-CMK-3 exhibit higher CCD than pure Li, and Li-
KS6 delivers the highest CCD of 1.1 mA/cm2, which is roughly
a 2× increase compared with bare Li. It should be noted that
no apparent differences in the CCD can be observed for the
bare Li foil and the Li electrode prepared by pressing the
stabilized lithium metal powder (SLMP) (Figure S6). The
same trend was also observed for the CCD tested at a lower
stack pressure of 5 MPa (Figure S7). The result of the addition
of carbon can effectively improve the Li cycling performance of
Li anodes, and graphite seems to be the optimal additive.

To understand the effects of various carbons on mitigating
void formation at the interface between the Li metal anode and
solid electrolytes, we compared the morphological evolution of
the anode surface after stripping 2 mAh/cm2 of Li at 0.5 mA/
cm2 at room temperature, as shown in Figure 3. SEM
observations were carried out on the surface of Li peeled off
from the solid electrolyte after stripping. No additional
electrolyte removal, cleaning, and mechanical separation
steps were involved. A relatively smooth surface can be
observed for the composite Li metal anode with various carbon
additives. An apparent increase in the surface roughness can be
observed for bare Li (Figures 3a and 3b) and composite
anodes with Super P (Figures 3c and 3d), CMK-3 (Figures 3e
and 3f), and CNTs (Figures 3g and 3h) as the additive,
suggesting void formation at the Li/solid electrolyte interface
under the experimental conditions studied in this work. The
void formation seems to be more apparent in the Li-CMK-3
anode, consistent with its lowest CCD in Figure 2. However,
the Li-KS6 composite anode shows a quite smooth surface after
stripping (Figures 3i and 3j). To further validate the

Figure 1. Characterization of carbon host materials. (a) Raman
spectra of different types of carbon. (b) XRD pattern of different types
of carbon. (c) XRD pattern of different types of Li−C composite
anodes.
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morphological evolution of the interface, we also did a cross-
sectional SEM image at the Li/electrolyte interface for the bare
Li (Figure 3k) and Li-KS6 (Figure 3l). Apparent void
formation can be observed at the interface for bare Li but
not for Li-KS6, further validating the effective mitigation of
morphological instability of the composite Li metal anode
during stripping.

To understand more about the evolution of interfacial
resistance during Li stripping, we investigated the impedance
evolution during stripping at a stack pressure of 5 and 15 MPa
(Figure 4). The EIS was measured after stripping every 0.5
mAh/cm2 at a current density of 0.5 mA/cm2 at room
temperature (Figure S8). Figures 4a and 4b show the voltage
curve during the stripping test at 5 MPa, and the voltage drop
every 1 h is due to the resting period prior to the EIS test. A
larger overpotential increase can be observed for the bare Li
metal anode compared to the Li-KS6 composite anode. The

overpotential increase is a typical feature of void formation at
the Li/electrolyte interface,20,33,43,44 and the result is also
consistent with the increase in the anode/electrolyte interface
in the impedance plots (Figure S8). To assist in the
visualization of the impedance evolution, we also calculated
the distribution of relaxation time (DRT)45 based on the
impedance plot. As the DRT analysis does not require an
established equivalent circuit model, it can provide comple-
mentary information compared with Nyquist plots.

Figures 4c and 4d show the DRT of the cell with a bare Li
metal anode and a Li-KS6 composite Li anode. As time
constant τ is defined as τ = RC, peaks in the DRT in specific
time constant ranges can be interpreted to represent
electrochemical processes within the cell. Peak identification
of the DRT results is based on comparing the EIS and DRT
with those of the Li−In/Li6PS5Cl/Li−In reference cell (Figure
S9), from which the time constant (τ) of the ionic transport in

Figure 2. Critical current density of (a) Li, (b) Li-CMK-3, (c) Li-Super P, (d) Li-CNT, and (e) Li-KS6 anodes tested by Li cycling in a symmetric
cell with Li6PS5Cl solid electrolyte at room temperature. (f) Comparison of the critical current density of various Li−C composite anodes.

Figure 3. Morphological evolution on the surface of various Li anodes, including bare Li (a and b), Li-Super P (c and d), Li-CMK-3 (e and f), Li-
CNTs (g and h), and Li-KS6 (i and j) before and after stripping 2 mAh/cm2 Li at 0.5 mA/cm2 at room temperature. Cross-section SEM image
showing the interfacial contact between bare Li (k) and Li-KS6 (l) and the solid electrolyte after stripping 2 mAh/cm2 Li at 0.5 mA/cm2 at room
temperature.
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the Li6PS5Cl solid electrolyte is determined to be at 10−7 s,
while the interfacial resistance between Li−In and the solid
electrolyte is negligible. Therefore, the remaining peak P2 with
a time constant of around 10−6 s is attributed to the Li−
electrolyte interfacial processes (Figures 4c and 4d). The
evolution of this interfacial resistance of this peak can
indirectly reflect the interfacial contact between the Li and
the solid electrolyte, assuming the SEI resistance is constant
due to the relatively good stability of Li6PS5Cl.46 As shown in
the 2D DRT results (Figures 4e and 4f), while the resistance
for peak P2 for bare Li and Li-KS6 composite anodes both
increased, a much larger increase can be observed for the bare
Li anode. Moreover, the dramatic increase in interfacial
resistance occurs at a much smaller stripping capacity (0.5
mAh/cm2) for the bare Li metal. Increasing the stack pressure
to 15 MPa helps to reduce the overpotential increase of the
bare Li anode during stripping (Figure 4g), due to the
enhanced plastic deformation of Li. A larger overpotential
increase (Figures 4g and 4h) and a larger resistance of peak P2
(Figures 4i to 4l) can still be observed for the bare Li anode
when compared with the Li-KS6 composite anode. Given that
the increase in interfacial resistance is largely related to contact
loss, the impedance analysis further validates the effect of the
KS6 additive in mitigation of the void formation at the Li/
electrolyte interface during stripping.

Figures 5a to 5d show the voltage profiles during
galvanostatic cycling of Li|Li6PS5Cl|Li and Li-KS6|Li6PS5Cl|
Li-KS6 cells at 0.2 mA/cm2 and 0.2 mAh/cm2 at room
temperature. An apparent voltage drop, due to dendrite
penetration, can be observed for the cell with a bare Li metal
anode after 420 h Li cycling (Figure 5b), while the Li-KS6|
Li6PS5Cl|Li-KS6 cell can be cycled for more than 2500 h
without signs of shorting (Figure 5d). The excellent perform-
ance of Li-KS6 in dendrite suppression was also demonstrated
in solid-state full cells with the LiCoO2 cathode (Figures 5e
and 5f). The Li|Li6PS5Cl|LiCoO2 cell shorted during charging
at 1.0 C (Figure 5e), while the Li-KS6|Li6PS5Cl|LiCoO2 cell
can be charged/discharged at 2.0 C without shorting (Figure
5f). The excellent stability of Li-KS6 was also demonstrated
from the cycling test of the Li-KS6|Li6PS5Cl|LiCoO2 full cell at
1C at room temperature, and no shorting can be observed for
100 cycles (Figure S10). The electrochemical performance of
the Li-KS6 composite anode in the Li−Li symmetrical cells and
full cells is much higher than other composite Li anodes
reported in the literature (Table S2).11,17,32,33,47,48

The findings from this work indicate that the introduction of
graphite into Li metal can help mitigate the void formation at
the interface. As void formation during stripping is largely
governed by the diffusion limit of Li atoms in the Li anode,20

the superior performance of the composite Li anode with
graphite additive also implies enhanced transport of Li atoms

Figure 4. Voltage profiles during the Li stripping of the bare Li anode (a) and Li-KS6 composite anode (b) at a stack pressure of 5 MPa. DRT
evolution and corresponding 2D DRT surface during Li stripping of the bare Li anode (c and e) and Li-KS6 composite anode (d and f) at a stack
pressure of 5 MPa. (a) Voltage profiles during the Li stripping of the bare Li anode (g) and Li-KS6 composite anode (h) at a stack pressure of 15
MPa. DRT evolution and corresponding 2D DRT surface during Li stripping of the bare Li anode (i and k) and Li-KS6 composite anode (j and l)
at a stack pressure of 15 MPa. The EIS was measured after stripping every 0.5 mAh/cm2 at a current density of 0.5 mA/cm2 at room temperature.
Li0.5In was used as the cathode and Li6PS5Cl was used as the solid electrolyte for the stripping test.
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in the composite Li anodes, although the exact mechanism for
such enhancements remains elusive. In addition to the large
content of LiC6, microstructural features should also play a
role, depending on the exact transport property of Li atoms of
LiC6 on the surface versus in the bulk. It should be noted that
the transport mechanism and transport property of carbona-
ceous materials are not well understood.44 For example, it is
still unclear how Li was transported through the carbon
interlayer that has been widely used in anode-free solid-state
batteries.49−51 In addition to bulk diffusion of Li ions in the
lithiated carbon, surface transport of Li ions52 and interfacial
transport of Li atoms (through creeping)34 may also play an
important role. We also highlight the different requirements in
the transport property of carbon as an interlayer for an anode-
free cell and as an additive for a composite Li metal anode.
Because of the low content of carbon additive in the composite
Li anode (∼5 wt % in this work), the transport in the
composite Li anodes is governed by diffusion of lithium atoms.
As a result, the carbon material used as an interlayer may not
work well as an additive in a composite Li anode. It should also
be noted that further increase in the carbon content to 15 wt %
does not necessarily lead to enhancement in CCD (Figure
S11), probably due to variation in the mechanical property of
the composite anodes (Figure S12).21 The change in the
mechanical properties of the composite Li anode at a higher
graphite content leads to challenges in maintaining interfacial
contact at the same stack pressure. While the interfacial
chemistry between the Li6PS5Cl solid electrolyte and various
carbon composite anodes can be different depending on the
interfacial contact area as well as the electronic conductivity of
the carbon, we do not see a direct correlation between the
interphase resistance, which can be reflected from the

overpotential at lower current densities of the CCD tests
(Figure S4), and the CCD of the Li−C composite anodes.
Further work is still needed to integrate the mechanical
properties with the transport properties to develop advanced
composite Li metal anodes for solid-state batteries.

In summary, we studied the effect of the carbon material on
the electrochemical performance of Li−C composite Li metal
anodes. Four representative carbon materials, including carbon
black, carbon nanotubes, mesoporous carbon, and graphite,
were used to make a Li−C composite. The incorporation of 5
wt % carbon materials can generally enhance the dendrite
suppression capability of the composite anodes, with the Li−
graphite composite anode delivering the highest improvement
in the critical current density (1.1 mA/cm2 vs 0.6 mA/cm2 for
the bare Li anode). Combining SEM and impedance analysis,
the effective role of graphite was also attributed to the
mitigation of the void formation at the interface between the
anode and the solid electrolyte during stripping. The excellent
performance of the Li−graphite composite anode enabled
stable Li cycling for >2500 h at 0.2 mA/cm2 and 0.2 mAh/cm2

at room temperature and enabled a LiCoO2-based solid-state
full cell that can be charged at a high rate of 2C at room
temperature. Since void formation during stripping is largely
governed by the diffusion limit of Li atoms in the Li anode, the
superior performance of the Li−graphite composite anode also
implies enhanced transport of Li atoms in the graphite-based
composite Li anodes. This work provides insights into
establishing the design principles of Li−metal anodes for
solid-state batteries.

Figure 5. Galvanostatic cycling of (a) Li|Li6PS5Cl|Li and (c) Li-KS6|Li6PS5Cl|Li-KS6 at 0.2 mA/cm2 and 0.2 mAh/cm2. (b) and (d) show the
enlarged voltage profiles of Li|Li6PS5Cl|Li cells. Charge/discharge curves of Li|Li6PS5Cl|LiCoO2 (e) and Li-KS6|Li6PS5Cl|LiCoO2 (f). All tests were
performed at room temperature.
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■ EXPERIMENTAL SECTION

Materials Synthesis

Lithium−carbon composite anodes were prepared by a
mechanical ball milling method. Carbon black (Super P,
MTI), carbon nanotubes (CNTs, Sigma-Aldrich), mesoporous
carbon (CMK-3, ACS Material LLC), and graphite (KS6, MSE
Supplies) were ball-milled with stabilized lithium metal powder
(SLMP, FMC). For the milling process, the powders were
weighed and mixed in a 50 mL stainless-steel jar (Retsch) in
the glovebox. The jar was sealed by a safety closure device
(Retsch), transferred out of the glovebox, and milled at 100
rpm for 1 h using a planetary ball mill (Retsch PM100). After
being milled, the jar was then transferred into the glovebox to
collect the sample. The content of carbon is 5 wt % in the
composite Li metal anodes. The Li0.5In alloy anode was
prepared by shaking a stoichiometric amount of the SLMP
powder and indium powder (99.99%, Sigma-Aldrich) utilizing
a vortex mixer (VX-200, VWR) for 30 min. The LiCoO2
composite cathode was prepared by ball milling LiNbO3-
coated LiCoO2 cathode powder and Li6PS5Cl solid electrolyte
with a weight ratio of 60:40 in a 50 mL stainless steel jar at 100
rpm for 1 h.
Material Characterization

A Carl Zeiss Supra 55 FESEM instrument was used to
investigate the morphology evolution. The energy dispersive
spectrometry (EDS) mapping test was performed using
VERSA 3D SEM equipment. A cross-section sample was
prepared by soaking the samples in liquid nitrogen (LN) for 1
min and then cutting with a blade. The X-ray diffraction test
was performed using a PanAlytical X’Pert diffractometer with a
copper irradiation source (Cu Ka 1

4 0.1540, 6 nm). Raman
spectra were acquired using a Witec Alpha 300 RA+ Raman/
AFM system equipped with a 532 nm excitation laser and a
spatial resolution of approximately 1 μm. A 50× objective lens
was employed to focus the laser on the sample. The laser
power in the sample was maintained at 0.5 mW to minimize
local heating. Spectra were collected using a 600 g/mm grating
centered at 1900 cm−1, with 50 accumulations and an exposure
time of 10 s each. The uniaxial compression test was
performed with an Instron 4204 at a strain rate of 0.1 mm/
min.
Cell Fabrication

To fabricate the Li/Li symmetrical cell with various anodes,
100 mg of Li6PS5Cl solid electrolyte (NEI) was placed into a
10 mm diameter polyaryl ether ether ketone (PEEK) cylinder
and cold-pressed for 2 min under 300 MPa. Then, 15 mg of
lithium carbon composite anode was placed on both sides
under 15 MPa. To fabricate the solid-state full cell with a
LiCoO2 cathode and Li6PS5Cl solid electrolyte, 80 mg of
Li6PS5Cl was placed into a PEEK cylinder and cold-pressed for
2 min under 300 MPa. Then 5 mg of cathode composite
powder was dispersed on one side of the PEEK cylinder and
cold-pressed for 2 min at 350 MPa. After that, 15 mg of Li−C
composite anode was placed on the other side under a stack
pressure of 15 MPa. The stack pressure of the cell was
measured by using a load sensor during cell fabrication. After
the target pressure was reached, the pressure was fixed using
four screws in the cell housing. No real-time pressure
adjustments were applied to maintain the stack pressure
during the measurement. All cells were tested at room

temperature. All the experiments were performed in an argon
glovebox (H2O < 0.5 ppm, O2 < 0.5 ppm).
Electrochemical Measurements
The galvanostatic charge/discharge tests were performed
under room temperature using a LAND battery tester
(Wuhan LAND Electronics Co., Ltd.). For the CCD test, it
was tested from 0.1 mA/cm2 with a current increment of 0.1
mA/cm2 every 30 min until the short-circuit happened.
Electrochemical impedance spectroscopy (EIS) during strip-
ping was tested using a potentiostat (Biologic VSP-300). The
frequency range for the EIS measurement is 7 MHz to 1 Hz
with a perturbation voltage of 10 mV. All electrochemical
measurements were performed at room temperature.
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