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Epitaxial Growth of Nanostructured Li,Se on Lithium Metal

for All Solid-State Batteries

Hyunjung Park, Jeongheon Kim, Dongsoo Lee, Joonhyeok Park, Seonghan Jo, Jaeik Kim,

Taeseup Song,* and Ungyu Paik*

Lithium is considered to be the ultimate anode material for high
energy-density rechargeable batteries. Recent emerging technologies of all
solid-state batteries based on sulfide-based electrolytes raise hope for the
practical use of lithium, as it is likely to suppress lithium dendrite growth.
However, such devices suffer from undesirable side reactions and a
degradation of electrochemical performance. In this work, nanostructured
Li,Se epitaxially grown on Li metal by chemical vapor deposition are
investigated as a protective layer. By adjusting reaction time and cooling rate,
a morphology of as-prepared Li,Se is controlled, resulting in nanoparticles,
nanorods, or nanowalls with a dominant (220) plane parallel to the (110)
plane of the Li metal substrate. Uniaxial pressing the layers under a pressure
of 50 MPa for a cell preparation transforms more compact and denser. Dual
compatibility of the Li,Se layers with strong chemical bonds to Li metal and
uniform physical contact to a LigPS;Csulfide electrolyte prevents undesirable
side reactions and enables a homogeneous charge transfer at the interface
upon cycling. As a result, a full cell coupled with a LiCoO,-based cathode
shows significantly enhanced electrochemical performance and demonstrates

candidate for application in electric vehi-
cles. Breakthroughs have been made with
the development of sulfide-based elec-
trolytes such as Li,S-P,Ss, Li, Ge, ,P.S,,
and Li,,GeP,S,,! with high Li* ionic
conductivity of 107> S c¢m=2 at room
temperature.’]  However, sulfide-based
solid electrolytes are not stable when in
contact with lithium metal, resulting in
the decomposition and the formation of
various lithium compounds at voltages
below 0 V versus Li/Li*.I* Lithium alloys
have been considered as an alternative to
Li metal for ASSB applications. Alloying Li
with Al, Ga, In, Sn, or Sb forms a stable
interface with sulfide-based electrolytes and
allows for long-term cycling. Among them,
lithium indium (Li/In) is commonly used
due to the long plateau at 0.622 V versus
Li/Li*. However, the utilization of Li/In

the practical use of Li anodes with Li,Se layers for all solid-state battery

applications.

All solid-state batteries (ASSBs) have recently attracted signifi-
cant attention due to their enhanced safety compared to con-
ventional LIBs.[! The replacement of flammable liquid organic
electrolytes with solid-state electrolytes (SSEs) can prevent ex-
plosions and fires, which makes ASSBs the most promising
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alloys decreases both the cell voltage and
energy density, and the high cost of indium
is not suitable for large-scale applications.

Another main issue is the growth of
lithium dendrite. According to previous re-
ports, there are main scenarios for the
growth of lithium dendrite in solid-state batteries.) First, discon-
tinuous interface contact causes the growth of lithium dendrite.
Compared to liquid electrolytes, solid-state electrolytes normally
consist of particles. The physical contact between the SSEs and
the Li metal is likely to be a point-to-point case. The voids and
holes at the interface allow for the dendritic growth of lithium.
Second, grain boundary induces lithium dendrite penetration.
For most SSEs, polycrystalline are more common. The grain
boundaries act as pathways for lithium deposition and propaga-
tion in the SSEs. Third, interphase effects on lithium dendrite
growth. Most SSEs are thermodynamically unstable against Li
metal. The reaction between the SSEs and Li leads to the forma-
tion of interphase layers with different properties, leading to an
increase in a local current density and a growth of lithium den-
drite. In this regard, the introduction of an artificial protective
layer could be an effective and straightforward strategy.

Here, we first report on lithium selenide (Li,Se) as an arti-
ficial solid electrolyte interface for ASSBs. The direct deposi-
tion of selenium on Li metal and the subsequent formation of
Li,Se is a facile and effective method to build a low-resistance
interface between the Li and SSE. The Li,Se as a protective
layer is thoroughly characterized by various methods, including

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. a) lllustration of synthesis procedures for nanostructured Li,Se on Li metal by chemical vapor deposition. b—d) Top-view and e-g) cross-view
SEM images of Li,Se-NP, Li,Se-NR, and Li,Se-NW on Li metal. h) XRD patterns of Li metal (black line), Li/Li,Se-NP (red line), Li/Li,Se-NR (blue line),
and Li/Li,Se-NW (pink line). i) Unit cells of Li and Li,Se projected along <110> direction. XPS spectra of j) Li 1s/Se 3d and k) Se 3p for Li/Li,Se-NR.

scanning electron microscopy (SEM), energy dispersive X-Ray
(EDX) spectroscopy, X-ray diffraction (XRD), and X-ray photo-
electron spectroscopy (XPS) analyses. The advantages of the
Li,Se protective layer for a stable ASSB operation are demon-
strated by direct microscopic observations and electrochemical
evaluations.

The strategy of introducing lithium selenide is based on sev-
eral factors; 1) selenium, the immediate neighbor of sulfur, has
similar chemical properties and compatibility with sulfide-based
materials,®l 2) selenium is less reactive toward lithium and more
controllable,”! 3) depending on vapor pressure, a small num-
ber of atoms and molecules of liquid-state selenium easily evap-
orates from the surface in the range of 100-500 °C above the
melting temperature and below the boiling temperature, and
gas-phase selenium can react with metals, resulting in various
metal compounds,®! and 4) one of metal selenides, Li,Se, has
low electrical conductivity (bandgap: ~2.997 eV) and could have
higher ionic conductivity than Li,S (%10~ S cm™?), which is suit-
able for a protective layer.®*] Figure 1a shows an illustration of
the synthesis procedure of nanostructured Li, Se materials with
three different structures epitaxially grown on Li metal. First, a
Li metal attached onto the copper foil and a selenium power are
placed into a quartz tube in a CVD system. During heating at
300 °C under a flow of Ar gas, liquid Li metal reacts with vapor-
ized Se, resulting in the formation of a lithium selenium com-
pound with a stoichiometry of Li,Se. After holding for 1min and
quenching, Li, Se nanoparticles are formed on the surface of the
Li metal (Li/Li,Se-NP). In contrast, slow cooling of the speci-
mens leads to the Li,Se nanorods and nanowalls (Li/Li,Se-NR
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and Li/Li, Se-NW, respectively) depending on the holing time for
1min and 10 min, respectively. Due to a poor wettability of a cop-
per substrate toward lithium metal prevents a flow of molten
lithium and a morphological change during the CVD process
(Figure S1, Supporting Information).!'"] Top-view SEM images
are displayed in Figure 1b-d. Compared to the bare Li foil sur-
face with bumps and microcracks (Figure S2, Supporting Infor-
mation), the Li/Li,Se-NP sample consists of nanoparticles with
a diameter of ~#100 nm without microcracks (Figure 1b). For
the Li/Li,Se-NR, nanorods with a length of ~500 nm and width
of ~100 nm were observed on the surface (Figure 1c). For the
Li/Li,Se-NW sample, nanowalls with a length of ~500 nm were
shown (Figure 1d). Thicknesses of the Li,Se layers were found to
be around 10, 10, and 15 pm, respectively, before pressing for
a full cell assembly (Figure le—g). Figure 1h shows XRD pat-
terns. Bare Li shows three distinct peaks (@) that correspond
to (110), (200), and (211) planes, respectively. For the Li/Li,Se-
NP, Li/Li,Se-NR, and Li/Li, Se-NW samples, new peaks from the
Li,Se phase (VW) appeared at ~42° and 50°, while Li metal was re-
crystallized along the (110) plane. In heteroepitaxy, a crystalline
layer or film grow on a crystalline substrate of a different ma-
terial, and newly formed material has one or more well-defined
orientation with respect to the substrate. In this regard, the dom-
inant (220) plane of the Li, Se layer is affected by the (110) plane
of the Li metal substrate, which indicates the epitaxial growth
of the Li,Se on the Li metal. This is highly possible because Li
and Li, Se possess the same cubic crystal structure (Table S1, Sup-
porting Information), and Se atoms are located at the bridge site
between two adjacent Li atoms, as shown in a unit cell of Li,Se

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Galvanostatic voltage profiles of symmetric cells of the Li metal (black), the Li/Li,Se-NP (dark cyan), the Li/Li,Se-NR (red), and the Li/Li,Se-NW

(blue) with an areal capacity of 1 mAh cm™

through <110> projection (Figure 1i). According to the previous
report on density functional theory and ab initio molecular dy-
namics simulations,'!l Li,S molecules adsorb parallel to the Li
(110) plane via strong chemical bonds, and the formation of a
Li, S film is thermodynamically favorable. In this respect, the for-
mation of Li,Se on Li metal could also favor in terms of thermo-
dynamic because the Li, Se has the same space group and similar
lattice parameters with those of the Li, S (Table S1, Supporting In-
formation). To investigate the chemical composition, XPS spectra
were obtained after selenium deposition. Bare Li metal (dashed
line) has one main peak at ~#56.1 eV that is originated from Li 1s
(Figure 1j). After selenium deposition, the spectrum was decon-
voluted into main two peaks including an overlap of Li 1s and Se
3d;,, at #56.1 eV and Se 3d;,, at ~54.2 eV, respectively.'?! For Se
3p spectra, the Li/ Li, Se-NP sample presents two strong peaks at
~161.6 and ~167.5 eV corresponding to Se 3p;, and Se 3p, ,, re-
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2 at a current density of a,d) 0.1 mA cm~2, b,e) 0.2 mA cm™2, and e,f) 0.5 mA cm~2 over 100 cycles.

spectively (Figure 1k). An SEM-EDX image further confirms the
presence of Se on the surface (Figure S3, Supporting Informa-
tion). Based on the thesis and the characterizations, the proposed
growth mechanism for nanostructured Li, Se is as follows; Solid
lithium metal transforms into a liquid state at the temperature
of 300 °C. Selenium vapor adsorbs on the surface of the liquid Li
and diffuses inward upon heating, resulting in the formation of
a lithium selenide film with a stoichiometry of Li, Se. With rapid
cooling to room temperature (quenching), Li,Se nanoparticles
are formed due to a lack of time for grain growth. In contrast,
slow cooling leads to the recrystallization of Li metal along the
(110) plane (the close-packed plane of the bee structure with min-
imum energy), and grain growth of Li,Se subsequently occurs
along the (220) plane on the (110) surface of Li metal, resulting
in the formation of Li,Se nanorods or nanowalls depending on
the reaction time.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. EIS spectra of symmetric cells of a) Li metal and b) Li/Li,Se-NR after 1 and 50 cycles; insets show equivalent circuits of the cell resistance.
Cross-section SEM images of the Li metal and Li/Li,Se-NR cells c—d) before cycle and e—f) after 50 cycles at 0.1 mA cm™2. Scheme of charge distribution

at the interface for h) the Li metal cell and i) the Li/Li,Se-NR cell.

Prior to evaluating electrochemical performance, characteri-
zations of the Li;PS;Cl electrolyte prepared by high-energy ball
milling were carried out. SEM images showed a secondary par-
ticle size in the range of 5-10 pm (Figure S4, Supporting Infor-
mation). XRD analysis revealed the Li PS;Cl particles have high
crystallinity with no Li-bearing secondary phases such as Li, S and
Li,P,S,. The patterns are well matched with those of previous
reports (Figure S5, Supporting Information).['*] From EIS data
(Figure S6, Supporting Information), the ionic conductivity was
calculated to be 2 X 1073 S cm™ at 25 °C, which is in the range
of 107*-1073 S cm™! from previous reports.[**] For electrochemi-
cal test, uniaxial pressure was applied on the electrodes to reduce
contact resistance between the components in the cell (Figure S7,
Supporting Information). SEM observation after pressing shows
the Li/Li, Se-NP sample has smooth and dense surface layer with
no discernable pores (Figure S8a, Supporting Information), and
the Li/Li,Se-NR specimen exhibits a dense surface layer consist-
ing of compressed nanorods (Figure S8b, Supporting Informa-
tion). In contrast, the Li/Li,Se-NW sample became denser due
to the pressing and folding of nanowalls, but pores remained
between the grains (Figure S8c, Supporting Information). XRD
pattern demonstrates that mechanical pressing does not have an
appreciable impact on the crystallinity of Li,Se despite the mor-
phological change (Figure S9, Supporting Information).

Figure 2 shows voltage profiles of four samples upon Li plat-
ing/stripping. At a low current density of 0.1 mA ¢cm~2, a bare
Li cell displayed an average overpotential of ~25 mV, larger than
the ~8, 9, and ~10 mV values obtained from the Li/Li,Se-NP,
Li/Li,Se-NR, and Li/Li, Se-NW cells, respectively (Figure 2a,d). In
this case, all samples exhibited stable operation without notice-
able malfunctioning. At a higher current density of 0.2 mA cm~2,
all samples exhibited a slight increase in overpotential up to 25,
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10, 12, and 20 mV (Figure 2b), respectively, while the overpoten-
tial of the Li metal suddenly dropped after 40 cycles and the cell
stopped at the 60th cycle, possibly due to an internal short circuit
(Figure 2e). Under the condition of 0.5 mA cm~ (Figure 2c,f),
all the samples show a significant increase in the overpotentials,
and a similar behavior with those under 0.2 mA cm=2 was ob-
served. Rate capability was also tested at different current densi-
ties (Figure S10, Supporting Information). Three cells with the
Li, Se protective layers exhibited a gradual augmentation of over-
potential as the current densities increased from 0.1 to 0.7 mAh
cm~2 while the bare Li cell showed the short circuit under 0.3
mAh cm™2. As a result, the Li metals with the protective layers
possess the enhanced cycle and rate performances than those of
the pristine Li metal. On the other hand, the larger overpoten-
tial of the Li/Li,Se-NW cell than those of the Li/Li,Se-NP and
Li/Li,Se-NR is attributed to the thicker layer of the Li,Se pro-
tective layer, leading to a longer Li ion pathway. Although there
was no a significant difference, the Li/Li,Se-NR exhibited better
Li striping/plating property than that of the Li/Li,Se-NP. This
might be due to the epitaxial growth of the Li, Se nanorods with
the dominant (220) plane, which is in accordance with the den-
sity functional theory and simulations.®] Hence, the Li/Li,Se-NR
sample with the best performance was selected for further char-
acterizations and full cell tests.

To investigate the internal resistance in the cell, EIS
spectra of two symmetric cells, Li/Li,PScCl/Li and Li/Li,Se-
NR/Li,PS,Cl/Li,Se-NR/Li were measured. Nyquist plots after 1
and 50 cycles were shown in Figure 3a,b. Equivalent circuits dis-
played in the inset of the figure identify the major components of
resistances: ohmic resistance (R,,) from the Li PS;Cl electrolyte,
interfacial resistance (R,) from solid electrolyte interface and/or
protective layer, charge transfer resistance (R,) at the Li metal

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Electrochemical performance of full cells assembled with three different anodes of Li metal, Li/In alloy, and Li/Li,Se-NR. a) Voltage profiles at

0.05 C-rate. b) Rate capability at 0.05-1 C-rate. c) Cyclability at 0.1 C-rate.

surface, and Warburg impedance (Z,) as the resistance of mass
transfer. Calculated values are summarized in Table S2 (Support-
ing Information). The R, and R, of the bare Li cell, as deter-
mined from the size of semicircles, were 62 and 91 Q after 1
cycle and 93 and 124 Q after 50 cycles, respectively. The overall
resistance increased upon subsequent cycling, which may be due
to the decomposition of the argyrodite-type Li,PS;Cl, the forma-
tion of lithium compounds with low ionic conductivity such as
Li,S, Li;P, LiCl, etc.'* In contrast, for the cell with Li,Se-NR,
the semicircle corresponding to R; (81 Q) was larger than that of
R, (65 ), which can be attributed to the dense protective Li,Se
layer. However, the Li,Se-NR shows a much smaller increase in
both R; (90 Q) and R, (68 Q) after 50 cycles, resulting in 127
Q of total resistance. This is lower than the 163 Q of total resis-
tance for the bare Li cell. Ex situ SEM on cross-sections shows
the Li cell consists of two layers of the Li metal and the Li,PS,Cl
electrolyte (Figure 3c). In contrast, three distinct layers of the Li
metal, Li, Se-NR, and Li  PS;Cl electrolyte for the Li/Li, Se-NR cell
were clearly observed (Figure 3d). The thickness of the Li,Se-
NR layer decreased from 10 to 5 pm after pressing. It should be
noted that the Li cell exhibits a significant change after 50 cycles
(Figure 3e). In particular, the Li,PS;Cl electrolyte lost its origi-
nal shape and became more porous. According to the previous
report on lithium deposition/exfoliation in all solid-state batter-
ies with sulfide-based electrolytes, > lithium deposits in a con-
vex shape like sheets along pores and grain boundaries in the
sulfide-based electrolyte, which can lead to a formation of large
cracks and a growth of lithium dendrite. This result agrees with
our data although there might be a discrepancy originated from
an initial pore size and porosity, operating conditions such as a
cell pressure, a current density, a cycle number, etc. In this re-
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spect, the formation of such a porous structure in the Li;PS;Cl
electrolyte is attributed to a decomposition of the electrolyte and a
growth of lithium dendrite during cycling. Furthermore, the un-
even interface can cause an inhomogeneous charge distribution,
local accumulation of Li metal as shown in Figure 3h, resulting
in a potential growth of Li dendrite. Such a scenario has been ob-
served in liquid electrolyte-based lithium metal batteries.!'®] The
Li/Li,Se-NR cell also shows a transformation, but the interface
is flat without noticeable protrusions, and the Li,PS;Cl layer re-
tained its dense structure without pores (Figure 3f), enabling uni-
form Li-ion and electron distribution as well as transfer at the in-
terface (Figure 3i). According to previous report,l®l the artificial
interface layer should have good compatibility both with Li and
SSEs, uniform coverage, ionic conductivity, poor electronic con-
ductivity, and good mechanical strength. In these respects, the
Li, Se directly grown on the Li metal satisfies most of the require-
ments for the artificial interface layer. It has compatibility with
lithium and sulfide-based electrolytes due to its similar chemi-
cal properties. The Li,Se densely cover the whole region of the
lithium without microsized cracks, holes, and grain boundaries,
which can block the direct physical contact between the SSEs
and the Li metal as well as penetration of Li dendrite. Li migra-
tion energy of lithium chalcogenides, Li,X (X = S, Se and Te),
was calculated to be in the range of 0.2-0.3 eV, which indicates
they can have lithium ionic conductivity.®?! In addition, the Li,S
have been studied as a protective layer for Li-ion batteries, and
they successfully prevent the growth of lithium dendrites during
cycling, resulting in enhanced electrochemical performances.!!”]
Therefore, our experimental data and previous reports demon-
strate that lithium chalcogenides such as Li, Se can be a potential
candidate for the artificial protective layer.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

To explore the practical use of Li,Se as a protective layer,
full cells employing three different anodes were tested. Specific
charge capacities (delithiation) of 135, 148, and 144 mAh g~! with
coulombic efficiencies of 87, 86 and 84% were obtained for the
cells employing bare Li, Li/In alloy, and Li/Li, Se-NR, respectively,
as shown in Figure 4a. The full cell employing bare Li anode
showed larger voltage hysteresis (i.e., polarization) than those of
the other cells due to the larger cell resistance. Figure 4b displays
the rate capability at different current densities. They operated up
to a high current density of 1 C-rate, but the full cell employing
the Li/In and the Li/Li,Se-NR anode retained much higher ca-
pacity through all rates compared to the full cell employing bare
Li anode. The long-term cyclability at 0.1 C-rate over 100 cycles
is displayed in Figure 4c. While the full cell with the Li anode
reached 99% coulombic efficiency after 20 cycles due to undesir-
able side reaction, the full cell with the Li/In and the Li/Li,Se-NR
anode achieved such an efficiency within only 5 cycles. In addi-
tion, average efficiencies of three samples were 99.5%, 99.9%,
and 99.9% in the range of 20-100 cycles. The capacity retentions
of the full cells with the Li, the Li/In, and the Li/Li, Se-NR anodes
were 47%, 70%, and 76% after 100 cycles, respectively. In con-
trast to the continuous capacity fading observed for the Li metal-
based full cell, the full cell employing Li/Li,Se-NR anode exhib-
ited stabilization at 100 mAh g~! after subsequent cycles, which
is almost equivalent to the cyclability of the full cell with Li/In an-
ode. The capacity decrease in the full cell with Li/Li, Se-NR anode
is mainly attributed to degradation of the LiCoO, cathode, while
the capacity drop for the full cell with bare Li metal may be due
to a synergetic effect on the cathode and anode side. For a com-
parison, electrochemical performances of all solid-state batteries
based on the artificial interface layer were summarized in Table
S3 (Supporting Information).!'®] It should be noted that a capacity
retention is in the range of 75-90% over 100 cycles. A reason for
the lower value of this work might be a higher voltage range up
to 4.3 V versus Li/Li*, which can cause a more electrochemical
degradation of the LiCoO,.

In summary, Li, Se was successfully introduced as the protec-
tive layer for all solid-state lithium metal batteries. The Li, Se was
formed directly on the Li metal at a low temperature of 300 °C via
CVD method. By controlling the reaction time and cooling con-
ditions, as-prepared Li, Se samples with morphologies consisting
of nanoparticles, nanorods, or nanowalls were produced. In sym-
metric cell tests, the Li/Li,Se-NR electrode showed the smallest
overpotential and more stable cycle performance over 140 cycles
than those of the Li and Li/Li, Se-NW cells. Consequently, the full
cell with Li/Li,Se-NR anode showed enhanced electrochemical
performance. The devised strategy of employing an artificial pro-
tective layer will be beneficial to the practical use of lithium metal
in all solid-state batteries with sulfide-based electrolytes.

Experimental Section

All experimental details are included in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or from
the author.
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