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1. Introduction

Undesirable Li dendrite growth under high current densities due to the
nonuniform Li nucleation and growth has significantly hindered the devel- All-solid-state  lithium-metal  batteries
opment of high-rate all-solid-state lithium batteries (ASSLBs). Herein, the (ASSLBs) using solid-state electrolytes

phase evolution of a Li prenucleator (MoS,) is shown in working ASSLBs that
renders a highly active nucleator (Mo), where Mo promotes fast Li nucleation
and Li dendrite suppression. During plating, Li shows strong affinity with Mo,
which guides Li fast nucleating and selectively depositing on Mo surface with
a large specific surface, thus reducing the local current density. Moreover, a
fast diffusion of Li atom on Mo (110) surface promotes uniform Li deposition
and limits the Li dendrite growth. Benefitting from the reduced local current
density as well as the improved Li dendrite suppression, Li-Li symmetric cells
within MoS, prenucleator demonstrate excellent electrochemical perfor-
mance, achieving cycle lifetimes as high as 1000 h for 1 mA cm=2/1 mAh cm™2
and 780 h for 0.5 mA cm=2/2 mAh cm~2 Additionally, developed Li-LFP
ASSLBs demonstrate high capacity retention of 78% with an ultra-long cycling

(SSEs) have received extensive attention as
the next step beyond state-of-the-art Li-ion
batteries, due to their improved safety and
energy density.l Among various SSEs, solid
polymer electrolytes (SPEs) show prom-
ising properties such as high flexibility,
easy fabrication, low cost/density, and high
electrochemical/chemical stability, which
make them one of the most promising can-
didates for practical application in the near
future.) However, the low operating cur-
rent density, resulting in a relatively long
battery charging time, is considered as one
of the biggest hurdles in the development
of SPE-based ASSLBs. Undesirable Li den-

life of 3000 cycles under a high current density of 1 mA cm=2. The general
concept has the potential to be extended to other metal-sulfide prenucleators.
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drite growth under high current densities
due to the nonuniform Li nucleation is one
of the critical issues facing the widespread
adoption of these systems.

In recent years, tremendous efforts such as the introduc-
tion of high modulus inorganic fillers®! and the development
of functional electrolyte additives!! have been focused on
solving the Li dendrite issues. The former aims to enhance the
mechanical strength of SPEs, while the latter to inhibit Li den-
drite formation via Li/SPE interface modification. For instance,
Zhang's group developed a LigyslasZryy5Tag 505, (LLZTO)-
poly(ethylene oxide) (PEO) SPE and showed that LLZTO
fillers can significantly improve the mechanical strength, thus
ensuring Li-Li symmetric cells with long cycling life of over
400 h at 0.1 mA cm~2.3¢l Very recently, we proposed a PEO elec-
trolyte-infused commercial 3D glass fiber scaffold and achieved
excellent cycling stability for over 2000 h at a current density of
0.2 mA cm™2 (capacity: 0.2 mAh cm™?).] Besides the enhance-
ment of SPEs mechanical strength, Li/SPE interface modifica-
tion via electrolyte additives has also shown positive effects in
suppressing the Li dendrite growth. For instance, Armand’s
group proposed a LiN; as an electrolyte additive to induce the
formation of a Li;N protection layer on the surface of the Li
anode. The results showed that Li-Li symmetric cells with LiN;
additive can stably run for over 650 h at 0.1 mA cm™2 (capacity:
0.2 mAh cm™), which is over six times longer compared with
the LiNs-free counterpart.?) Despite this progress, it should be
noted that most of the Li-Li symmetric cells and full batteries
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are tested with low current density (typically <0.5 mA cm™)
based on Li foil with limited Li deposition surface, which cannot
meet the practical requirements of ASSLBs. Further enhancing
the operating current density of both Li-Li symmetric cells and
full cells to realize high-rate ASSLBs is still challenging.

Herein, a prenucleator (MoS,) is proposed to guide uniform
lithium nucleation as well as selective Li depositions sites,
thus leading to reduced local current density and improved
Li dendrite suppression capability. Li-Li symmetric cells with
the prenucleator demonstrated long cycling stability of over
1000 and 780 h under high current densities and areal capaci-
ties of 1 mA cm™2/1 mAh cm™2 and 0.5 mA cm™2/2 mAh cm™,
respectively. In contrast, the occurrence of short-circuiting is
observed in the MoS,-free Li-Li symmetric cells after 25 h.
Furthermore, the evolution of MoS, under the high reduc-
tive environment is revealed by combining synchrotron-
based X-ray absorption near edge structure (XANES) and
density functional theory (DFT) calculations. It is found that
the MoS, is reduced to true nucleator (Mo) and Li,S at the
beginning of Li plating, where Mo shows high affinity with
Li, thus leading to Li uniform nucleation and selective depo-
sition. This observation is further supported by the DFT cal-
culations. The results prove that Li shows higher adsorption
energy and lower energy barrier on the surface of Mo (110),
promoting the uniform Li deposition and suppressing Li den-
drite growth. Benefitting from the reduced local current den-
sity and enhanced Li dendrite suppression capability, Li-LFP
full cells delivered high capacity retention of 78% with an
ultra-long cycling life of 3000 cycles under a high current den-
sity of 1 mA cm? (corresponding to a C-rate of 2 C). Insights
gained from this work will open up new opportunities for the
development of high-rate ASSLBs.
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2. Result and Discussion

The MoS, prenucleator is grown on a carbon paper (CP),
which acts as an interlayer between the SPE and Li anode
(labeled as CP@MoS,). Before MoS, growth, the CP fibers
present a smooth surface with a diameter of around 10 pm
according to the scanning electron microscopy (SEM) images
shown in Figure S1 in the Supporting Information. After MoS,
growth, a thin layer of MoS, nanosheets, according to the
X-ray diffraction (XRD) results and SEM images exhibited in
Figures S2 and S3 in the Supporting Information, is anchored
on the surface of the CP.P! The elemental mappings and high
resolution transmission electron microscopy (TEM) images
with a lattice distance of 0.62 nm, belonging to MoS, (002)
plane, further confirming the successfully grown MoS, (Figure S4,
Supporting Information).l) Compared with bare Li foil, where
Li preferably deposits in dendritic morphology, under high
current densities/areal capacities, due to nonuniform Li
flux (Figure 1a).”) The introduction of MoS, prenucleator pos-
sesses several merits shown in Figure 1b. First, the CP pro-
vides an integrated electron transport network for fast electron
transfer. Moreover, the MoS, sheets can not only promote
uniform Li nucleation but also supply a large surface for Li
accommodation as well as reducing local current density. More
importantly, the Li shows a lower diffusion barrier and fast
diffusion rate on the surface of MoS, and its derivations, sig-
nificantly inhibiting Li dendrite formation during the plating
process.®l In this regard, such a multifunctional prenucleator is
beneficial for suppressing Li dendrite under elevated operating
current densities and areal capacities (Figure 1b).¥ To evaluate
the performance of the prenucleator in ASSLBs, a poly(ethylene
glycol) dimethyl ether (PEGDME) electrolyte infused into a
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Figure 1. Schematic illustration of the Li deposition process in the ASSLBs a) without and b) with MoS, prenucleator.
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Figure 2. a) Cycling performance and b) plating/stripping profiles of the Li—Li symmetrical cells assembled with bare Li, Li/CP, and Li/CP@MoS,
anodes at a current density of 0.5 mA cm™2 (capacity: 0.5 mAh cm™2). c) Cycling performance and d) plating/stripping profiles of the Li—Li symmetrical

cell assembled with Li/CP@MoS, anode at a current density of 1 mA cm™2

(capacity: 1 mAh cm™). e) Cycling performance of the Li-Li symmetrical

cell assembled with Li/CP@MoS, anode at a current density of 0.5 mA cm™2 (capacity: 2 mAh cm™2). f) Comparison of the recently reported plating/
stripping performances of SPEs-based Li—Li symmetric cells with respect to current density, areal capacity, and cycling life (The reference number are
coincided well with the references listed in Table S1 in the Supporting Information).

cellulose membrane (Figure S5, Supporting Information) is
chosen as the electrolyte. Benefitting from the amorphous
structure and stable structure of PEGDME (Figure S6, Sup-
porting Information), the as-prepared SPE delivers a high ionic
conductivity of 3.33 x 10* S cm™ at 60 °C (Figure S7a, Sup-
porting Information) and an electrochemical stability window
of 43 V (vs commercial C65 conductive carbon, Figure S7b,
Supporting Information), which is suitable for evaluating the
electrochemical performance of ASSLBs.

The role of the prenucleator in promoting uniform Li nucle-
ation and accelerating selective Li deposition is evaluated by
cycling assembled Li/CP@MoS, symmetrical cells at 60 °C. For
comparison, the Li/CP and bare Li are chosen to assembly the
Li-Li symmetrical cells and tested under the same conditions.
As shown in Figure 2a, with a current density of 0.5 mA cm™2
and an areal capacity of 0.5 mAh cm™2, the Li/CP@MoS, cell
presents a low initial overpotential of 169 mV, which is only
63% and 46% of the Li/CP (268 mV) and bare Li (364 mV) cells.
The reduced overpotential of Li/CP@MoS, symmetric cell is
further confirmed by the electrochemical impedance spectra
(EIS) in Figure S8 in the Supporting Information. The semi-
circle at high frequency can be attributed to passivation layer
impedance on Li metal surface (Rgg), while the semicircle at
low frequency is associated with the charge transfer resistance
(Re) and the double layer capacitance at the electrolyte/Li inter-
face.l”! By fitting the spectra to the presented equivalent circuit,
the Rggp and Ry of Li/CP@MoS, symmetric cells are 13.9 and
22.7 Q cm™?, which are much lower than those for the bare
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Li (Rgpr: 48.1 Q cm™2, R.: 378.1 Q cm™2) and Li/CP electrodes
(Rsgr: 50.4 Q cm™, Ry 164.2 Q cm™?). The remarkably reduced
R can be attributed to the lithiophilicity and large specific sur-
face area of MoS, prenucleator or its derivations that enhances
Li deposition kinetics and electrode/electrolyte interface con-
tact. It is expected to promote uniform Li nucleation and sup-
press Li dendrite growth. As the depth of Li plating/stripping
increases, the overpotential of bare Li raises slightly to 423 mV
after 25 h. Subsequently, the occurrence of a short-circuit is
observed (Figure S9, Supporting Information), which can be
attributed to nonuniform Li deposition on the bare Li and sub-
sequent penetration into the SPE.%%¢1% Compared with bare
Li, the cycling life of Li-Li symmetric cells within the CP is
obviously improved. It can stably run for over 300 h with neg-
ligibly increased overpotential, suggesting its positive effect in
suppressing Li dendrite. Nevertheless, unstable Li plating/strip-
ping behavior and short-circuit appear after 415 h (Figure 2b).
In other words, neither bare Li nor Li/CP is a suitable choice
for pursuing dendrite-free ASSLBs, especially under high cur-
rent densities/areal capacities. Interestingly, the Li-Li sym-
metric cells assembled with Li/CP@MoS, display remarkably
improved cycling stability. According to our results, the Li-Li
symmetric cells using Li/CP@MoS, can stably run for over
1000 h (Figure 2a) without significant overpotential growth
(from 115 mV at 12 h to 118 mV at 1000 h confirmed by the
EIS curve after cycling in Figure S10, Supporting Information),
suggesting smooth Li plating and stripping during cycling.
To further explore the potential application of prenucleator in

© 2020 Wiley-VCH GmbH
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Figure 3. a) Schematic illustration of Li plating process on the Li/CP@MoS; anode. Surface SEM images of CP@M oS, closer to the SPE with Li plating
capacities of b) 0.2, ¢) 0.5, and d) 1.0 mAh cm2. Surface SEM images of CP@MoS, closer to the Li anode with Li plating capacities of e) 0.2, f) 0.5,
and g) 1.0 mAh cm™2. Surface SEM images of Li anode with Li plating capacities of h) 0.2, i) 0.5, and j) 1.0 mAh cm™2.

higher power/energy density ASSLBs, Li-Li symmetric cells
are tested under elevated current densities/areal capacities of
1 mA cm™?/1 mAh cm™ and 0.5 mA cm~2/2 mAh cm™. Prom-
isingly, these cells demonstrate excellent cycling performance
for over 1000 and 780 h with low overpotentials of around
220 and 200 mV, respectively (Figure 2c—e). There is no doubt
that such performance is superior to recently reported SPEs in
terms of current density, areal capacity, and cycling life listed in
Figure 2f and Table S1 in the Supporting Information.

To clarify the mechanism for the improved performance
of the Li plating/stripping after the introduction of MoS, pre-
nucleator, Li-Li symmetrical cells are cycled at 0.5 mA cm™
with different plating depths from 0.2 to 1.0 mAh cm™ are
disassembled and the morphology of Li anode and CP@MoS,
are inspected by SEM. Bare Li and Li/CP-based Li-Li sym-
metric cells are operated under the same conditions for com-
parison. As illustrated in Figure 3a, with the Li plating depth
deeper, more Li deposits on the surface and gradually filled
the MoS, sheets. As the SEM images displayed in Figure 3b,e
and Figure S1la,d,g,j in the Supporting Information, with an
areal capacity of 0.2 mAh cm™2, both SPE side and Li anode
side surface of MoS, sheets are filled with Li. Besides, some
Li is also detected on the surface of Li anode (Figure 3h). This
indicates that both MoS, and Li can act as active sites for Li
deposition. It should be noted that Li anode side surface of
MoS, sheets (Figure S11j, Supporting Information) contains
more Li than the SPE side (Figure S11d, Supporting Informa-
tion). This is further supported by the SEM images at larger

Adv. Energy Mater. 2020, 10, 2001191

2001191 (4 of 9)

plating depths (Figure 3c¢,d,f,g and Figure S11b,c,e,fh,ik], Sup-
porting Information). When the areal capacity is increased to
1 mAh cm™2, some Li is observed to deposit in the gaps among
the CP@MoS, fibers facing the Li anode, after the MoS, sheets
are completely filled with Li (Figure 3g and Figure S11i,l, Sup-
porting Information). By contrast, no residual Li can be seen
in the gaps faced to the SPE (Figure 3c and Figure S11c,f, Sup-
porting Information). With this in mind, we can conclude that
the designed CP@MoS, interlayer can act as a 3D scaffold to
provide abundant active sites to reduce the local current den-
sity and promote uniform Li nucleation.'! Moreover, after the
MoS,; sheets are filled with Li, Li preferentially deposits on the
anode side surface of CP@MoS, fibers from bottom to top,
which is also expected to reduce the risk of Li penetrating the
SPE. The relevant SEM images of the CP and coupled Li anode
are shown in Figure S12 in the Supporting Information. Due to
the lithiophobicity of CP, which shows a higher Li deposition
barrier compared with Li, where Li is preferred to deposit on
the surface of Li anode.' As can be seen, no Li is detected on
both sides of the CP (Figure S12a—f, Supporting Information).
Instead, an increasing amount of Li is found on the Li anode
surface with the increasing Li plating depth (Figure S12g—i, Sup-
porting Information). In this regard, the CP acts as a physical
separator enlarging the distance required for dendrite growth.
For the bare Li anode, due to the nonuniform Li deposition
under high current densities (Figure S13, Supporting Informa-
tion), Li dendrites can easily penetrate the SPE (Figure S13g—i,
Supporting Information), leading to short-circuits.

© 2020 Wiley-VCH GmbH
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Figure 4. a) Mo K-edge, b) Mo Ls-edge, and c) S K-edge XANES of CP@MoS, at different depths of Li plating. d) Schematic illustration of MoS, evolu-

tion and Li deposition process.

Similarly, the surface morphology of the bare Li, Li/CP, and
Li/CP@MoS,; anodes is checked by SEM after 100, 500, and
1000 h under a current density of 0.5 mA cm™2 (areal capacity:
0.5 mAh cm™2). As displayed in Figure S14 in the Supporting
Information, for the bare Li, due to the nonuniform Li depo-
sition under high current densities, a mossy Li layer with a
thickness of 45 um is detected on the Li surface. For the Li/CP
anode, as shown in Figure S15 in the Supporting Information,
due to the low Li diffusion on the Li/CP interface, the depos-
ited Li grows as long dendrites and fully penetrates the CP
paper. Some dendrites can be seen on the SPE side surface of
CP, indicating that the lithiophobic conductive CP is inefficient
in suppressing Li dendrite growth in ASSLBs. Promisingly,
uniform Li deposition and no Li dendrite are observed on the
CP@MoS, fibers (Figure S16, Supporting Information), even
after 1000 h plating/stripping, further confirming the merits
of MoS, prenucleator in inhibiting Li dendrite growth under
high operating current densities and areal capacities. Based on
the SEM images, we can conclude that the as-designed MoS,
prenucleator can promote uniform Li nucleation as well as pro-
vide large space for Li deposition and accommodation, thus
reducing local current density and suppressing Li dendrite.

To elucidate the underlying mechanism behind the selec-
tive deposition within MoS, prenucleator, synchrotron-based
XANES measurements are used to identify the evolution of the
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MoS,; during plating. The Mo K-edge, Mo L;-edge, and S K-edge
XANES results are presented in Figure 4. Before Li plating, the
Mo K-edge XANES of pristine CP@MoS,, which arises from
the Mo 1s to Mo 5p transition probing densities of states of
Mo 5p character above the Fermi level in the band structure,
is dominated by a broad resonance just above the edge jump,
which is characteristic of MoS,["¥ and is similar to that of Mo$S,
nanosheets (Figure 4a). With the increase in the depth of
plating, even at a low plating capacity of 0.2 mAh cm™2, the
edge jump and spectral feature generally shift to lower energy,
as marked by the black vertical line, becoming very similar to
the Mo K-edge XANES of Mo foil. This observation indicates
that the reduction of MoS, to metallic Mo occurs during plating
(Figure 4a). A similar shift to lower energy is also observed in
the Mo L;-edge XANES, in both the edge jump and the white-
line maximum (Figure 4b), probing the Mo 4d;, 3/, unoccupied
states in the conduction band above the Fermi level in MoS,
and Mo, in the pristine and plated samples, respectively; this is
accompanied by the broadening of the whiteline and a reduc-
tion in the whiteline intensity (Mo gains d charge upon reduc-
tion to Mo(0)). These observations indicate the transformation
of MoS, to metallic Mo.["”] It should also be noted that while the
characteristic multiple scattering resonance at the Mo K-edge of
the plated samples resemble those of Mo metal (red dash line),
all feature are broadened, suggesting a noticeable reduction

© 2020 Wiley-VCH GmbH
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in co-ordination numbers on average, a feature characteristic
of nanostructures. The reduction of MoS, to Mo is confirmed
by the S K-edge XANES (Figure 4c), the spectrum of pristine
CP@MOoS, is the same as that of MoS,. With plating, we expect
the formation of Li,S through the MoS, reduction, which is
confirmed by the S K-edge XANES.I!®l As we can clearly see
from Figure 4c, the samples with Li plating exhibit an unmis-
takable XANES features of Li,S. It is interesting to note that no
energy shift or change in spectral features is observed in the
Mo K-edge, Mo Ls-edge, or S K-edge XANES samples at higher
plating capacities, suggesting that a stable chemical state is
achieved after 0.2 mAh cm™ Li deposition, even after cycling
for over 1000 h (Figure S17, Supporting Information). As such,
we conclude that MoS, is reduced immediately by Li at the
beginning of Li plating to form Mo and Li,S which remain
stable. The evolution process is further revealed by the TEM
images shown in Figure S18 in the Supporting Information.
As can be seen, the layered structure of MoS, is disappeared
and some particles are dispersed in the structure. The particles
show a lattice distance of 0.22 nm, which can be assigned to Mo
(110) plane.”) Nevertheless, no crystal structure of Li,S can be
observed. By combining the XANES results and uniform dis-
tribution of elements of Mo and S (Figure S18d,e, Supporting
Information), it can be speculated that Li,S exists as the amor-
phous state.

To further clarify which component, Mo or Li,S, is the true
Li nucleator in promoting the selective deposition of Li during
plating, Li-Li symmetric cells using Li/CP@MoS, anode are
disassembled after standing for 24 h in a 60 °C oven. Interest-
ingly, as shown in Figure S19 in the Supporting Information,
after direct contact with Li for 24 h, the MoS, is directly reduced
by Li and converted into Mo and Li,S as evident from the Mo
K-edge, Mo L;-edge, and S K-edge XANES. The CP@MoS, con-
tacted with Li for 24 h shows better Li affinity than the pris-
tine CP@MoS,. As shown in Figure S20 in the Supporting
Information, the pristine CP@MoS, shows an initial lithi-
ophobicity and almost no Li can be infused (Figure S20a,
Supporting Information). Gradually, the lithiophobic surface
becomes lithiophilic (Figure S20b,c, Supporting Information),
which can be attributed to the reduction of MoS, to Mo and
Li,S. After 10 min, 80% of surface of the CP@MoS, is infused
with Li (Figure S20c, Supporting Information). Interestingly,
after contact with Li for 24 h, the surface of CP@MoS, is lithi-
ophilic and the entire Li infusion process is shortened to 4 min
(Figure S19d-f, Supporting Information). To further clarify
whether Mo or Li,S$ is lithiophilic, commercial Mo and Li,S are
chosen for the Li melting experiments. As shown in Figure S21
in the Supporting Information, it can be observed that Mo is
the lithiophilic material, while the Li,S is lithiophobic. Based
on the analyses of XANES and Li melting experiments, as illus-
trated in Figure 4d, lithiophilic Mo derived from reduction of
MoS, is the true Li nucleator inducing uniform Li nucleation
and selective Li deposition.

To further confirm that lithiophilic Mo is the true Li nucle-
ator that induces a uniform Li nucleation, we calculated adsorp-
tion energies, differential charge densities, and Li atom migra-
tion on the surfaces of graphene, MoS,, and metallic Mo, using
the DFT calculations. Details of the simulation parameters can
be found in the Supporting Information. For layered graphene
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and MoS,, the Li atom diffusion path along with both armchair
(ac) and zig-zag (zg) directions was investigated. For Mo metal,
two most stable planes, Mo (110) and Mo (111) are chosen for
adsorption energy and Li calculations. As shown in Figure 5d
and Figure S22 in the Supporting Information, the adsorption
energies (Eaq) of Li on graphene, MoS,, Mo (110), and Mo(111)
are 0.07, —0.49, —0.98, and —1.30 eV, respectively. Differential
charge density (DCD) plots shown in Figure 5a—c indicate that
adsorbed Li atoms donate charge from its 1s orbital to the sub-
strates. More negative values of E,q suggest stronger bonding
between Li and the substrate, indicating that Li atoms interact
strongly over Mo than MoS, and graphene.'®! It can be used
to interpret why Li preferentially and selectively deposit on
the surface of MoS, prenucleator within the in situ forma-
tion of Mo nucleator during Li plating/stripping. Additionally,
minimum energy pathways for a Li atom over graphene, MoS,
and Mo surface and relevant energy profiles are summarized
in Figure 5e-h and Figures S23 and S24 in the Supporting
Information. Li diffusion energy barrier (E,) over graphene
along the ac and zg directions is similar, around 0.4 eV (by
taking the energy difference between the initial and transition
state). In the case of MoS,, E, along ac and zg directions are
rather different, which are 0.82 and 0.28 eV, respectively. Fol-
lowing the Arrhenius equation, the diffusion constant is given
by Decexp ( — E,/kgT), where kg is the Boltzmann constant, T
is the operating temperature, and v is a prefactor, which is an
attempt frequency with values of the order of 10" Hz. Using
this equation, we arrive at the following prediction: Li prefer-
entially diffuses along the zg direction and the energy barrier
is around 0.12 eV lower than graphite. Therefore, Li diffusion
over MoS, could be =10? times faster than graphene at 300 K.
Among the three substrates, the energy barrier on Mo (110) sur-
face is the lowest, which is 0.17 eV. In other words, Li diffu-
sion will be dominated by Li migration on the surface of Mo
(110) with a much smaller energy barrier (0.17eV) to overcome.
Using the Arrhenius equation, diffusion of Li atom on Mo (110)
is 73 x 10° times faster than graphene at 300 K. Therefore, the
surface migration path accelerates the diffusion of Li to sup-
press Li dendrite growth. Based on the DFT calculations, as
illustrated in Figure 5i, Li atom shows the highest absorption
energy and lowest diffusion barrier on the surface of Mo, which
results in Li atom selective deposition and fast diffusion on the
surface of Mo, thus leading to the uniform deposition process.
The Li dendrite suppression and reduction in local cur-
rent density of the MoS, prenucleator are further verified by
Li-LFP ASSLBs (Figure 6a). The C-rate performance of Li-LFP
ASSLBs using bare Li, Li/CP, and Li/CP@MoS, anode is first
evaluated at galvanostatic charge/discharge C-rates from 0.2 C
to 2 C (1 C =170 mA g), where LFP loading is controlled as
3 mg cm~2. As displayed in Figure 6b, by reducing the local
current density with the MoS, prenucleator, it reduces the Li
deposition resistance (Figure S25, Supporting Information)
and enables improved rate performance. At a rate of 0.5 C
(equaling to a current density of around 0.25 mA cm™), the
Li/CP@MoS,-LFP cell delivers a high capacity of 161 mAh g!
and a low overpotential of 0.28 V (Figure 6¢). For comparison,
the relative values for the Li/CP-LFP and Li-LFP cells are
153/142 mAh g™' and 0.37/0.46 V, respectively (Figure $26, Sup-
porting Information). Further increasing the current density to

© 2020 Wiley-VCH GmbH
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Figure 5. DCD between Li and a) graphene, b) MoS,, and c) Mo (110) surface. Color code for atoms: brown: C; red: Li; green: Mo; yellow: S. The iso-
surface level for DCD plots is set to be 0.002 e A* wherein blue and red regions indicate charge accumulation and depletion, respectively. Minimum
energy pathways for a Li atom over e) graphene, f) MoS, surface in the zigzag direction. g) Minimum energy pathway for a Li atom over Mo (110)
surface. h) Associated energy profiles for Li atom diffusion. i) Schematic illustration of Li deposition process on the Mo surface during plating.

2 C, corresponding to a current density of around 1 mA cm>2,
the gap is further enlarged. The bare Li and Li/CP-based cells
deliver capacities of 57/90 mAh g}, while the cell assembled
with Li/CP@MoS, anode still outputs a high capacity over
110 mAh g'. Moreover, it should be mentioned that a sharp
drop in Coulombic efficiency (CE) is observed for the bare Li-
based cell when the C-rates are higher than 0.8 C, suggesting
the occurrence of short-circuiting and further confirmed
by the charge-discharge profiles in Figure S26b in the Sup-
porting Information.?*'! By contrast, a similar phenomenon
was not observed in the cells with Li/CP and Li/CP@MoS,
anodes, further demonstrating their positive impact. Generally
speaking, the introduction of MoS, prenucleator is beneficial
for enhancing the C-rate performance as well as reducing the
risk of Li dendrite formation, which is of significance to pursue
high power/energy density ASSLBs.

Besides the C-rate performance, the cycling life of the assem-
bled cells is another critical parameter for batteries.?”! The
aforementioned three types of cells are further tested at 0.5 C
for cycling stability evaluation. As shown in Figure 6d, sim-
ilar to the C-rate performance testing, the cell using a bare Li
anode presents a short-circuit followed by a sharp CE drop after
30 cycles, while the cell using Li/CP and Li/CP@MoS; anodes
maintain high CEs during long-term cycling of 200 cycles.

Ady. Energy Mater. 2020, 10, 2001191
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Compared with the Li/CP anode (152 mAh g and 82%),
the cell assembled with Li/CP@MoS, anode exhibits higher
capacity output (160 mAh g™) and capacity retention (95%).
Considering the same cathode, SPE and testing conditions in
the two cells, such a huge difference can be attributed solely to
the presence of the MoS, prenucleator. Moreover, the long-term
cycling performance of the Li/CP@MoS,-LFP cell is also tested
under a high C-rate of 2 C. As presented in Figure 6e,f, the cells
exhibit excellent cycling stability with a high capacity retention
of 78% after 3000 cycles, corresponding to an ultra-low capacity
loss of 0.007% per cycle. The electrochemical performance of
Li-LFP ASSLB using the Li/CP@MoS, anode is superior to
those recently reported in terms of current density and cycling
life, listed in Figure 6g and Table S2 in the Supporting Informa-
tion. Additionally, to achieve higher energy densities, Li/CP@
MoS; cell using a 6 mg cm™ LFP-loaded cathode is investi-
gated. As shown in Figure 6h, at a C-rate of 0.2 C, a high initial
reversible capacity of around 150 mAh g™ is delivered within
100 cycles, demonstrating excellent cycling stability.

3. Conclusion

In summary, we revealed the phase evolution of MoS, pre-
nucleator in working ASSLBs that renders highly active Mo,

© 2020 Wiley-VCH GmbH
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Figure 6. a) Schematicillustration of a Li/CP@MoS,-LFP ASSLB. b) Rate performance of Li-LFP ASSLBs assembled with bare Li, Li/CP, and Li/CP@MoS,
anodes tested at various C-rates from 0.2 C to 2 C and c) relative charge—discharge profiles of Li/CP@MoS,-LFP cell. d) Cycling stability of Li-LFP
ASSLBs assembled with bare Li, Li/CP, and Li/CP@MoS, anodes tested at 0.5 C. e) Long-term cycling stability of Li/CP@MoS,-LFP cell tested at
2 C and f) relative charge—discharge profiles. g) Comparison of electrochemical performance in the terms of current density and cycling for
Li/CP@MoS,-LFP cell in this work with recent publications (The reference number are coincided well with the references listed in Table S2 in the Sup-
porting Information). h) Cycling stability of the Li/CP@MoS,-LFP cell assembled with a 6 mg cm=2 LFP-loaded cathode at 0.2 C. (All of the cells are

tested at an operating temperature of 60 °C).

where Mo is the true nucleator for fast Li nucleation and selec-
tive deposition. According to the XANES results and Li melting
experiments, MoS, can be reduced to Mo at the beginning of
Li plating. Mo nucleator facilitates uniform Li nucleation and
offers a large volume for deposition and accommodation of
Li, thus reducing the local current density and achieving dendrite-
free Li deposition process under high current densities/areal
capacities. This observation is further supported by DFT calcu-
lations, which show that Li exhibits strong adsorption energy
(—0.98 V) and a low diffusion barrier (0.17 V) on Mo (110) surface.
According to the Arrhenius equation, diffusion of Li atom on Mo
(110) surface is 73 and 73 x 10* times faster than MoS, and CP,
respectively, which significantly inhibits the growth of Li den-
drites and results into a smooth surface instead. As a result, the
Li-Li symmetric cells assembled with Li/CP@MoS, anode dem-
onstrate excellent Li plating/stripping performance, which stably
runs for over 1000 and 780 h under current densities/areal capac-
ities of 1 mA cm™/1 mAh cm™ and 0.5 mA cm™2/2 mAh cm™2,
respectively. Benefitting from the smooth Li plating/stripping
behavior, the assembled Li-LFP ASSLB delivers high capacity
retention of 80% with an ultra-long cycling life of 3000 cycles
under a high current density of 1 mA cm™2. The general concept

Adv. Energy Mater. 2020, 10, 2001191 2001191

has the potential to be extended to other metal-sulfide
prenucleators.
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