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ABSTRACT: Unlike Li-ion transport in the bulk of carbonaceous materials,
little is known about Li-ion diffusion on their surface. In this study, we have
discovered an ultrafast Li-ion transport phenomenon on the surface of
carbonaceous materials with limited reversible Li insertion capacity and high
surface area. An ionic conductivity of 18.1 mS cm™' at room temperature is
observed in lithiated Ketjen black (KB), far exceeding those of most solid-state
ion conductors. Theoretical calculations reveal low diffusion barriers for the
surface Li species. As a result, lithiated KB functions effectively as an interlayer
between Li and solid-state electrolytes (SSEs) to mitigate dendrite growth.
Further, lithiated KB acts as a high-performance mixed ionic—electronic
conductor and replaces solid electrolytes to enhance graphite anode performance,
demonstrating full utilization with ~85% capacity retention over 300 cycles. The
discovery of this surface-mediated ultrafast Li-ion transport mechanism provides

new directions for the design of solid-state ion conductors and solid-state batteries.
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Li—ion transport in carbonaceous materials is an important
process, underpinning their applications in rechargeable
batteries.'* Up to now, our understanding of this transport
process is associated with the Li-ion diffusion in Li—C
intercalation compounds.”® The kinetics of such processes
are highly dependent on the structures of the carbon materials,
which can be categorized into three different types: graphite,
hard carbon, and soft carbon.”®

Li-ion transport in graphite, which consists of highly
ordered, stacked graphene layers, is slow due to the high
intercalation/diffusion barriers between the layers.”'® In
contrast, hard carbons feature short-range graphitized domains,
expanded interlayer distance, abundant voids or pores, and rich
edges and defects.'' These characteristics have endowed hard
carbons with the ability to uptake Li-ion in nanopores and
absorb Li-ions at defect sites, thus enabling fast intercalation/
deintercalation.'" Soft carbons have well-ordered graphene
layers but with randomly stacked turbostratic structures,"*
which facilitates lithiation/delithiation.'*'® Regardless of their
structures, these bulk diffusion processes are generally slow. As
a result, additional ion conductors, either liquid or solid, are
needed to enable these carbon materials to function as
electrode materials with reasonable rates.”'®

In contrast, the transport of Li on the surface of carbon is
virtually unexplored due to two factors. Carbonaceous
materials used in batteries tend to have very low surface
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area, which is necessary to reduce the parasitic reactions and
the amount of charge consumed to form the solid electrolyte
interphase (SEI) in organic electrolytes.”'” In addition, the
presence of the SEI also makes the observation of any surface
transport processes unfeasible.””™** However, understanding
the transport of Li on the surface of carbon is important both
scientifically and technologically. Scientifically, the chemical
state of the Li-ion on the surface can be significantly different
from the bulk, which might be essential for fast transport.
Technologically, realizing rapid Li-ion transport on the carbon
surface enables a variety of afplications. In addition to being a
high-rate electrode material, 524 carbon has also been used as
an interlayer to protect Li metal electrodes in solid-state
batteries by guiding Li deposition away from the SSE
interface.”>~>” However, Li-intercalated carbon is usually
lithiophilic.”® Consequently, a carbon interlayer needs to
have limited Li intercalation capacity but offers a fast transport
of Li. Finally, there is a pressing need to develop a mixed ion
and electron conductor (MIEC) that is thermodynamically
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Figure 1. (a) "Li NMR spectra of Li-Gr, Li-SP, and Li-KB; (b) Raman spectra of KB, MWCNTs, SP, and Gr before and after lithiation; and (c)
high-resolution Li 1s XPS of Li-KB, Li-MWCNTs, Li-SP, Li-Gr and Li metal.

stable near the potential of Li metal to enable high-rate, long-
life anodes for solid-state batteries. A notable advancement is a
porous MIEC based on a garnet structure that has shown
significant potential of enabling stable cycling of Li metal at
high current densities and capacities.”

Solid-state batteries provide a unique platform to study the
Li-ion transport on the surface of carbon in lightof the absence
of an SEI layer. In this regard, we have systematically studied
the surface structures of lithiated carbonaceous materials with a
variety of structures and surface area values. We have identified
a partially charged Li* species on the surface of lithiated
carbon black materials. Theoretical calculations reveal a
diftusion barrier of Li* on the surface of lithiated carbon as
low as 0.149 eV and approximately one-third of the value in
the bulk structure. Consequently, an effective ionic con-
ductivity of 18.1 mS cm™" at room temperature is observed.
The rapid surface Li* transport mechanism enables lithiated
carbon blacks with large surface area values to serve as effective
interlayers between Li metal and an SSE layer, and an MIEC to
enable a stable graphite anode. The discovery of this surface-
mediated ultrafast Li transportation mechanism provides new
directions for the materials design of solid ion conductors and
solid-state batteries.

To study the reaction between Li and carbon, we selected six
carbon materials with different structures and surface area
values (details in Table S1 and Figure S1): graphite (Gr, 2.0
m* g7!), mesocarbon microbead synthetic graphite (MCMB,
22 m?g™"), carbon black (CB, 29.1 m* g™'), Super-P (SP, 57.5
m® ¢g!), multiwall carbon nanotubes (MWCNTs, 208.3 m*
g™'), and Ketjen black (KB, 729.2 m” g™'). Their lithiated
forms are labeled as Li-Gr, Li-MCMB, Li-SP, Li-MWCNTs,
and Li-KB, respectively. We note that both the surface area and
crystal structure might influence our findings. However, as
shown later, surface area has a dominant influence on Li-ion
conductivity, while crystal structure mainly impacts intercala-
tion capacities. Further, a single material, such as MWCNTs,
with different surface areas would make a good candidate for
our study. However, the lack of tunability of the surface area in
a large range makes it less ideal. Finally, studying Li transport
through a single MWCNT would yield significant physical
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insights but would require high precision microfabrication
platforms.

To reveal the chemical environment of Li, Li-Gr, Li-SP, and
Li-KB are investigated by solid-state nuclear magnetic
resonance spectroscopy (NMR, Figure 1a). Li-Gr shows a
single Opeak at 43 ppm, which is the typical peak assigned to
LiCq.”" In contrast, Li-SP shows one peak at 22.3 ppm, while
Li-KB has two peaks at 6.5 and 1.3 ppm, respectively.
Temperature-dependent NMR experiments (Figure S2 and
Figure S3a—3d) feature a much higher Li-ion mobility at 6.5
ppm with a reduced fwhm and shorter T relaxation time upon
the increase of temperature,”’ while the peak at 1.3 ppm has
negligible temperature sensitivity. A "Li—'Li 2D-EXSY experi-
ment (Figure S3e) shows the two peaks in Li-KB do not have
apparent exchange, indicative of two different Li chemical
environments.

To further resolve the chemical environment of Li, we turn
to Raman and X-ray photoelectron (XPS) spectroscopy. The
Raman spectra show that these carbons exhibit very different
reactivity toward Li (Figure 1b). Gr shows a disappearance of
its D and G bands upon lithiation, while a new peak close to
900 cm™! arises, which is attributed to the C—C ring breathing
mode.”” Additional weak peaks arising near 1100 cm ™" can be
indexed to the C—O bond in Li,CO;.”* Li-SP exhibits a slight
intensity decrease in its D and G bands, while Li-MWCNTs
display an even smaller change in their D and G bands. Li-KB,
in contrast, does not show any change in spectra as compared
to pristine KB. The Raman spectra indicate that the bulk
reactivity follows the order Gr > SP > MWCNTs > KB, which
is consistent with their reversible intercalation capacities
(Figure S4a,b)."”

The peaks in survey XPS spectra for all samples (Figure S4c)
can be resolved by referring to previous studies.”* A new peak
at 54.8 eV is observed in the spectra of Li-KB, Li-SP, and Li-
MWCNTs (Figure 1c). This peak has a higher binding energy
than Li metal (at 53.8 eV) but lower than LiCy, suggesting a
special Li* species that has not been observed before. Among
all the samples, Li-KB has the highest ratio of Li*. Again, this
carbon has the highest surface area and the lowest reversible
intercalation capacity as well. On the contrary, this peak is not
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Figure 2. (a) Bulk and surface structures of lithiated carbon and two migration pathways of Li*. (b) CI-NEB energy landscapes for the two types of
Li* migration paths in bulk Li,C,s with one Li vacancy and on the surface of Li;;Coq with a surface Li/C ratio of 1/24. (c) CI-NEB Li* migration
energy barriers with respect to Li/C ratios on the surface of lithiated carbon. (d) The ionic conductivities of Li-Gr, Li-SP, and Li-KB at different
temperatures. (e) Ionic conductivity comparison between Li-KB and other solid-state ionic conductors.

observed in Gr. Electron energy loss spectra (EELS) of Li-Gr
and Li-KB measured by using cryo-TEM further confirm the
existence of Li* on the surface of the carbon materials (Figure
S5 and Supporting Information Note 1).

Climbing image nudged elastic band (CI-NEB) simula-
tions” were conducted to determine the Li* migration barriers
on the surface and in the bulk of lithiated carbon. A 2 X 2 X 2
supercell of bulk LiC, with one Li vacancy and n, X 1, X 4 slab
supercells of LiC4 with one Li* on the surface were used
(Figure 2a), where n, and n,, are the integer multiples of the a
and b lattice parameters. The migration barriers of Li in the
bulk are 0.436—0.453 €V, in line with previous studies.>*> In
contrast, the Li* diffusion barriers on the surface of Li;;Co
(surface Li/C = 1/24) are 0.222—0.226 eV, almost half of that
in the bulk. With the Li/C ratio increasing from 1/54 to 1/12,
the Li* migration barriers decrease (Figure 2c). At a surface
Li/C ratio of 1/12, the Li* migration barriers are 0.149—0.160
eV, lower than well-known Li superionic conductors (e.g,
Li;(GeP,S,, with a diffusion activation barrier of 0.21-0.24
eV).*®* Even in the presence of defects, Li diffusion on
lithiated carbon surfaces is still far more facile than in bulk
(Figures S6—8, Table S2, and Supporting Information Note 2).
Overall, CI-NEB simulations indicate significantly more facile
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Li* migration on the surface than in the bulk of lithiated
carbon.

To directly measure the ionic conductivities of different
carbon materials, we constructed a symmetric cell with a
structure of Li/C/LPSCl/C/Li. Based on the resistance
differences with different C layer thicknesses (Figures S9—11
and Table S3) as determined by a direct current (DC)
method, the ionic resistance of carbon interlayers can be
calculated, which is in turn used to estimate their ionic
conductivities. The DC method is more appropriate than the
electrochemical impedance method due to their high
electronic conductivity."” More details are shown in the
Methods. As shown Figure 2d, Li-KB has Li ionic conductivity
values of 18.1, 25.8, 41.1, 53.2, and 69.6 mS cm™" at 25, 40, 60,
80, and 100 °C, respectively. The activation energy for Li*
migration in Li-KB is calculated to be 0.17 eV, matching well
with the results predicated by CI-NEB. Moreover, the ionic
conductivities of Li-KB are 10X higher than those of Li-SP and
almost 10°X higher than those of Li-Gr at the same
temperature, consistent with our hypothesis that surface Li
transport plays a dominant role. Li-KB exhibits the highest
ionic conductivity at room temperature compared to other
solid-state Li-ion conductors (Figure 2¢).”%*"'~*
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To explore the functions of ultrafast surface Li* transport on
carbon, we first use them as interlayers to circumvent the
challenges of the Li metal anode. Li/C/LPSCl/C/Li
symmetric cells are constructed to measure the critical current
densities (CCDs). As an example, the CCDs of cells with KB
interlayers are measured with stepwise increase in current
densities (from 0.1 to S0 mA cm™2). As shown in Figure S12,
with increasing temperature from 25 to 100 °C, the CCDs of
KB interlayers increase dramatically from 2.4 to 32.0 mA cm 2.
The CCDs of the other S different carbon interlayers (Figures
S13—17) are summarized in Figure 3a. At the same
temperature, there is an apparent positive correlation between
the surface area and CCDs. High surface area carbon has a
prominent surface transport mechanism with limited Li
insertion into its bulk. For each carbon, CCDs increase with
temperature, which is associated with the ionic conductivity of
the interlayers. The CCD values delivered by Li-KB are among
the highest values of interlayers reported so far (Figure S18
and Table S4), which can be further improved by designing a
porous MIEC host structure for Li.”’

The cycling stability of Li/C/LPSCI/C/Li symmetric cells is
also evaluated at 60 °C. At a current density of 1.0 mA cm™?,
cells with KB and SP interlayers (Figure 3b) cycle stably over
1000 h without short circuiting. In contrast, the Gr interlayer-
based symmetric cell is shorted even at 0.4 mA cm™ after
cycling for 16 h. Moreover, the KB interlayer-based symmetric
cell cycled at 60 °C exhibits a negligible increase in impedance
over 1000 h (Figure S19).
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To visualize the deposition behavior of Li, we captured
cross-sectional SEM images of the Li/C/LPSCI/C/Li cells
after plating/stripping the Li metal (Figure 3c—k). The images
of the cell with Gr interlayers after undergoing 10 h of cycling
at 0.2 mA cm™* and 40 °C (Figure S20a) are displayed in
Figure 3c—e and Figures S21 and 22. We observe a small
amount of Li deposited between LPSCl and Gr. This
deposition likely serves as a starting point to induce more
deposition at this interface, leading to Li dendrite formation
and short circuiting. SEM images of a symmetric cell with an
SP interlayer are shown in Figure 3f—h and Figures S23 and
S24. The cell underwent 5.0 mAh cm™ of cycling at 1.0 mA
cm™? (Figure S20b) and 40 °C. The images reveal that the SP
interlayers maintain excellent contact with LPSCI and Li on
both sides. The SP interlayer successfully prevented the
formation of Li dendrites. All of the Li is plated underneath the
SP interlayer. The Li layers are very dense: there is a thickness
difference of ~50 um between the two sides (Figures S23a and
24a), matching well with the expected Li thickness difference
(~50 pm for moving S mAh cm™?). Similar results are
obtained with KB interlayers in symmetric cells as shown in
Figure 3i—k and Figures S25 and $26, which were cycled at 40
°C for S hat 1 mA cm™* (Figure S20c). In cells with SP or KB
interlayers, Li appears to go through the carbon interlayers and
uniformly deposits or strips at the Li/interlayer interface. Such
a phenomenon is attributed to the high ionic conductivity of
the carbon. Despite the fact that carbon is electronically
conductive, the differences in Li nucleation on carbon versus
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Figure 4. (a) NMC811/LPSCI/KB@MWCNTSs/Li cell cycling performance at 60 °C and at 200 mA g~' and (b) the corresponding voltage
profiles. (c) NCA622/LYC/KB@MWCNTs/Li cell cycling performance at 60 °C and at 200 mA g™* and (d) the corresponding voltage profiles.
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Figure 5. (a) Rate performance of pure MCMB, MCMB@KB, and MCMB@LPSCI at current densities from 37 to 1110 mA g~ and at 60 °C. (b)
Corresponding voltage profiles of the MCMB@KB anode at different rates. (c) The cycling performance of pure MCMB, MCMB@KB, and
MCMB@LPSCI anodes at 74 mA g~' and at 60 °C in SSBs (initial cycle was tested at 37 mA g™'). (d) The corresponding Coulombic efficiencies
in (c).

on Li are sufficient to drive preferential Li deposition at the To further illustrate the relationship between CCD and Li
carbon/Li interface. On the stripping side, the large surface deposition patterns, we also characterized the symmetric cells
area of carbon interlayers also contributes to mitigating void cycled above their CCDs (Figures S27—31). When the cell
formation at the interface (Supporting Information, Note 3). with the SP interlayers is cycled at 40 °C and 6 mA cm™?, there
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is dendritic Li deposition occurring between the SP interlayer
and LPSCI (Figure S28). On the stripping side, the LPSCI/SP
interface is still well maintained, but the contact at the SP/Li
interface is poor (Figure $29). In the cells with KB interlayers,
it is the same with the SP interlayer (Figures S30 and S31).
These findings show that when the transport resistance of Li
through the interlayer is higher than the differences in
nucleation energy, Li will deposit at the electrolyte/interlayer
interface.

We have identified KB as a very promising material to
provide rapid surface Li transport. Next, we evaluate its
suitability as an interlayer material in SSBs to improve the Li
metal anode stability. A self-standing KB@MWCNTs film is
fabricated with a KB:MWCNT's weight ratio of 7:3 and a mass
loading of 1.5 mg cm™ (Figure S32a). The film thickness is
~11 pm (Figure S32b). When evaluated as an interlayer in a
symmetric cell, the CCD is 8.0 mA cm > at 60 °C (Figure
$32c), which is the same with the pure KB interlayer. We note
that MWCNTSs here mainly improve the mechanical integrity
of the freestanding interlayer with negligible contribution to Li
transport, as evidenced by the CCD value. A full cell with a
structure of NMC811/LPSCI/KB@MWCNTs/Li is fabri-
cated. As shown in Figure 4ab, the cell achieves a capacity
retention of ~85% after 300 cycles at a rate of 200 mA g”'. In
contrast, the cell without the interlayer is short-circuited in the
first cycle at a current density of 100 mA g~' (Figure S33a).
Even at a lower rate of 20 mA g_l, the cell without the
interlayer is also short-circuited by the 21st cycle (Figure
S33b).

In principle, the ability of the carbon interlayer to suppress
Li dendrite growth is agnostic to the electrolyte material. In
this regard, we also fabricated both symmetric and full cells by
replacing LPSCl with Li;YCly (LYC). As expected, the
symmetric cell cycled stably for over 1000 h at 0.2 mA cm™>
(Figure S34). A full cell can be cycled at a rate of 200 mA g™
for 50 cycles without a short circuit (Figure 4c,d). In contrast,
the control cell without the interlayer is short-circuited at the
fifth cycle even at S0 mA g~' (Figure S33c). The ability of the
interlayer to protect Li by enabling preferential deposition at
the interlayer/Li interface is very encouraging.

KB is further explored as a thermodynamically stable MIEC
to enable stable anodes in SSBs. Here, MCMB is evaluated as
an anode material for an SSB cell. Instead of adding a solid
electrolyte into the anode composite, we added Li-KB.
Previously, sulfide SSE has been shown to suffer from
significant decomposition at low working potentials.'”
MCMB, with or without added KB, is directly pressed on a
piece of Li metal. As shown in Figure Sa, an MCMB electrode
with 10 wt % of prelithiated KB displays much higher rate
capabilities than pure MCMB or MCMB mixed with LPSCI
electrodes in MCMB/LPSCI/KB/Li half-cells. It should be
noted that the mass loading of MCMB is ~10 mg cm 2. The
cells are tested at rates from 37 to 1110 mA g~ at 60 °C. The
voltage profiles of the MCMB@KB anode show the signature
voltage plateaus for graphite (Figure Sb), indicating the much
more favorable electrode kinetics compared to the other two
electrodes (Figure S35a,b). The long-term cycling stabilities of
the three carbon anodes are measured at 74 mA g~ and at 60
°C (Figure Sc). The MCMB@KB anode shows a capacity
retention of ~85% after 300 cycles with an average Coulombic
efficiency of over 99.6%. In contrast, the MCMB and
MCMB@LPSCI electrodes suffer from shorting at the 87th
and 212th cycle, respectively. Further, MCMB@LPSCI shows

much lower Coulombic efficiency than MCMB@KB (Figure
5d). Therefore, KB is a thermodynamically stable, high-
conductivity material that is well-suited for high-performance
SSB anodes. It should be noted that prelithiation is necessary
for KB (Figure $S36 and Supporting Information Note 2).
Prelithiation compensates for the irreversible loss of Li due to
trapping in hard carbon materials and provides the necessary Li
concentration to achieve high ionic conductivity. Further, the
Li metal layer also effectively serves as the surface to facilitate
Li deposition.

In summary, we have discovered a new surface-mediated Li-
ion transport mechanism in carbon materials. For carbon
blacks with a high surface area and low intercalation capacity,
lithiation enables materials with high ionic conductivities and
low migration barriers. These carbon materials have shown
great potential in SSBs either as interlayers to protect the Li
metal anode or as a thermodynamically stable MIEC for
constructing other anodes (e.g., MCMB). The discovery of this
surface-mediated ultrafast Li-ion transportation mechanism
provides a new direction for the design of other solid-state
ionic conductors. Our work advocates for a set of design rules
for these materials: high surface area, thermodynamic stability
at the potential of operation, and a weak interaction between
the ion and the surface. We also expect such a mechanism to
be applicable for other alkaline ions, as well.
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