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ABSTRACT: Most inorganic solid electrolytes (SEs) suffer
from narrow intrinsic electrochemical windows and incom-
patibility with electrode materials, which results in the below
par electrochemical performances of all-solid-state Li-ion or Li
batteries (ASLBs). Unfortunately, in-depth understanding on
the interfacial evolution and interfacial engineering via scalable
protocols for ASLBs to mitigate these issues are at an infancy
stage. Herein, we report on rationally designed Li3BO3−
Li2CO3 (LBO-LCO or Li3−xB1−xCxO3 (LBCO)) coatings for
LiCoO2 in ASLBs employing sulfide SE of Li6PS5Cl. The new
aqueous-solution-based LBO-coating protocol allows us to convert the surface impurity on LiCoO2 and Li2CO3, into highly Li

+-
conductive LBCO layers (6.0 × 10−7 S cm−1 at 30 °C for LBCO vs 1.4 × 10−9 S cm−1 at 100 °C for Li2CO3 or 1.4 × 10−9 S
cm−1 at 30 °C for LBO), which also offer interfacial stability with sulfide SE. By applying these high-surface-coverage LBCO
coatings, significantly enhanced electrochemical performances are obtained in terms of capacity, rate capability, and durability. It
is elucidated that the LBCO coatings suppress the evolution of detrimental mixed conducting interphases containing Co3S4 and
effectively passivate the interfaces by the formation of alternative interface phases.

■ INTRODUCTION

Over the past decades, rechargeable lithium-ion batteries
(LIBs) have conquered the market of energy storage devices
owing to their superior energy density to their competitors.
However, harsh efforts to maximize the energy density of LIBs,
such as the use of ultrathin separators (≤10 μm) and raising
the upper limit of voltages, have brought unprecedented risks
in safety, which originates from the use of flammable organic
liquid electrolytes.1−8 Moreover, the safety concerns of LIBs
are imperative for emerging large-scale applications, such as
battery-driven electric vehicles and grid-scale energy stor-
age.9,10 In this regard, solidifying electrolytes with nonflam-
mable inorganic materials is one of the best solutions.10−18

Additionally, inorganic solid electrolytes (SEs) are considered
enablers for next-generation electrode materials, such as Li
metal and S (or Li2S), which typically suffer from poor
compatibility with conventional organic liquid electro-
lytes.10,17−21

Sulfide SE materials are some of the most promising
candidates to realize high-performance all-solid-state batteries.
Several state-of-the-art sulfide superionic conductors devel-
oped (e.g., Li10GeP2S12,

22 Li9.54Si1.74P1.44S11.7Cl0.3,
11 Li7P3S11

23)

have shown impressively high ionic conductivities reaching the
order of 10−2 S cm−1 at room temperature with a single ionic
transport nature, which implies the feasibility of all-solid-state
batteries significantly outperforming conventional LIBs.24,25

More importantly, sulfide materials are mechanically sinterable
at room temperature and are thus beneficial for practical
electrode fabrication.10,26,27

Recent theoretical studies showed that, similar to organic
liquid electrolytes for conventional LIBs, inorganic SE
materials also have narrow intrinsic electrochemical windows,
and that the passivation of SEs is necessary for the reversible
operation of all-solid-state batteries.28−32 In particular, the
adaptation of conventional LixMO2 (M = Co, Ni, Mn) cathode
materials to all-solid-state Li-ion or Li batteries (ASLBs)
suffers from huge interfacial resistances, which could be
attributed to multiple factors such as surface impurities on
LixMO2,

33 severe reactions between LixMO2 and sulfide
SEs,28,32,34 space charge layer effects,35 lattice mismatches,36
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and poor wetting of SEs.12,13,37 It is known that the formation
of surface impurities, such as LiOH and Li2CO3 on LixMO2 in
ambient atmosphere conditions, causes the degradation of the
electrochemical performances of conventional LIBs.38−40

When it comes to ASLBs, the poor ion-conducting properties
of the surface impurities could be more problematic.33,41

Since the first report in which it was demonstrated that
interfacial engineering on LiCoO2 using Li4Ti5O12 could
significantly lower the interfacial resistances in ASLBs,35

various protective coatings have been developed (Table S1)
to date: LiNbO3,

11,12,42 Li2SiO3,
34 Ta2O5,

43 Al2O3,
44 and

Li3PO4.
45 In most previous works regarding ASLBs using

LixMO2 and sulfide SEs, LixMO2 coated with these materials
was tested without placing a strong emphasis on the
mechanistic details of the coatings.10−12,16,22,25,26,37 Moreover,
to date, only a few in-depth and/or systematic studies on
LixMO2/SE interfacial evolution/engineering have been
reported.32,34,45−47 The general consensus from the previous
reports is that the interfacial resistance of ASLBs is inversely
proportional to the Li+ conductivity of the coating materials.45

For example, using an amorphous Li3.5Si0.5P0.5O4 coating with
a high Li+ conductivity of 1.6 × 10−6 S cm−1 at room
temperature resulted in a promising electrochemical perform-
ance of LiCoO2/In ASLBs,45 though the high ionic
conductivity of the coating material could be achieved only
for its amorphous form, derived by a costly vacuum deposition
process. LiNbO3 is one of the most frequently practiced
coating materials for sulfide ASLBs because of its high Li+

conductivity of ∼10−6 S cm−1 at room temperature and easy
preparation protocol based on a wet method using alcohols
(Table S1).10−12,16,22,25,26,37,42 However, Nb is not earth-
abundant and the use of flammable alcohol in the coating
process would be a concern when scaling up. While these
findings on the correlation between the Li+ conductivity of the
coating materials and the electrochemical performance aid in
the design of alternative coating materials, it should be noted
that the multiple aspects of not only Li+ conductivity but also
scalable preparation and cost-effectiveness should be carefully
considered. Moreover, a detailed understanding on the
evolution at electrode−SE interfaces affected by protective
coatings is required. These aspects are imperative for the
practical development of high-performance ASLBs.
From this background, Li3BO3 (LBO) has caught our

attention. Despite its relatively low Li+ conductivity (1.4 ×
10−9 S cm−1 at 30 °C, measured in this work), LBO has been
investigated as a sintering aid for oxide SE materials, such as
Li7La3Zr2O12, for oxide-based ASLBs, as it can help lower the
sintering temperatures for the oxide SEs because of its low
melting point (700 °C).48−53 However, until now, there has
been no report on the application of LBO or LBO-derived
materials for sulfide-based ASLBs. Herein, we report the
development of rationally designed Li3BO3−Li2CO3 (LBO-
LCO or Li3−xB1−xCxO3 (LBCO)) protective coatings prepared
via a simple and scalable wet protocol using water, which
drastically enhances the electrochemical performances of
LiCoO2 for ASLBs using sulfide SEs. The surface impurity
on LiCoO2, Li2CO3, generally impedes Li+ transport at the
interfaces, but after the aforementioned wet-coating process for
LBO, it is converted into highly Li+ conductive LBCO coating
layers. Complementary analyses reveal that the as-derived
highly conductive, thick, and high-surface-coverage LBCO
coatings for LiCoO2 effectively suppress the formation of
detrimental Co3S4 phase and form good passivating layers

comprised of phosphates, thus minimizing interfacial resistan-
ces. This is also supported by our thermodynamic computa-
tional results based on first-principles calculations regarding
various states of mixed phases. Compared with other coating
materials, LBCO and its precursor are cost-effective and
environmentally benign (Table S1). Moreover, the use of
water as a solvent is a significant advantage which avoids the
use of flammable solvents employed in typical coating
procedures.

■ RESULTS AND DISCUSSION
In our screening process for potential coating materials, we first
carried out computational investigations to examine the phase

stability at applied Li potential which corresponds to the
intrinsic electrochemical window in Li electrochemical
system.28,30,31 The relatively stable nature of LBO and
LBCO at high Li potential compared with Li6PS5Cl (LPSCl)
suggests the potential use of LBO and LBCO as coating

Figure 1. Calculated mutual decomposition energy of Li6PS5Cl with
pristine and delithiated LiCoO2, LBO (Li3BO3), and LBCO
(Li3−xB1−xCxO3, x = 0.80) at various phase fractions of Li6PS5Cl in
the mixed compounds.

Figure 2. Schematic diagram illustrating bare, c-bare, LBO-coated,
and LBCO-coated LiCoO2.
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materials (Table S2). It is also expected that the practical
cathodic limits of LBO and LBCO could be extended due to
the sluggish kinetics of gas evolution reactions.28,30 However, it
should be noted that decomposition reactions at interfaces can
originate from the chemical potential difference of elements
other than Li.
Therefore, we further probed the interfacial stability between

the cathode and SE material, along with the effects of applying
coating materials on it. Various possible reactions at the

interfaces before and after introducing coating materials were
probed by calculating the thermodynamic reaction energies, as
illustrated in Figure 1. The blue dashed line in the figure
presents the interfacial reaction energy as a function of the
phase fraction of the SE materials (LPSCl) surrounding the
cathode (LiCoO2), which models the various local composi-
tional inhomogeneities in the composite electrode. These
analyses reveal that the interface between the cathode and SE
material is not thermodynamically stable but undergoes a

Table 1. Characteristics of LBO(-LCO) Coatings for LiCoO2

wt % of the coatings

sample Li3BO3
a Li3−xB1−xCxO3

b x in Li3−xB1−xCxO3
a thickness of the coating (nm)d relative surface coverage (%)e

bare 0 - - - 21
c-bare 0 - - - 0
LBO 0.05 (0.06)b - 0.00 1.0 -

0.1 (0.15)b - 0.00 2.5 -
0.5 (0.63)b - 0.00 10.4 79

LBCO 0.1 1.24 0.10 21.5 -
0.5 1.72 (1.62)c 0.35 (0.33)c 29.4 87
1.0 2.18 (2.08)c 0.50 (0.48)c 37.0 -

a-LBCO 0.5 1.72 0.35 29.4 88
aTargeting values. bObtained by ICP-OES and TGA measurements. cObtained by ICP-OES and elemental analyzer measurements. dCalculated
based on the surface area of LiCoO2, obtained by N2 adsorption−desorption isotherm measurements (0.29 m2 g−1). eObtained by LEIS
measurements. Surface coverage for c-bare LiCoO2 is assumed to be 0%.

Figure 3. Characterization of c-bare (cleaned bare), LBO-coated (0.5 wt %), and LBCO-coated (0.5 wt % of LBO) LiCoO2 by electron microscopy
analysis. FESEM (upper) and the corresponding BSE (lower) images for (a) c-bare, (b) LBO-coated, and (c) LBCO-coated LiCoO2 particles.
HRTEM images for (d) LBO- and (e) LBCO-coated LiCoO2 particles. (f) EELS for LBO- and LBCO-coated LiCoO2 particles. The corresponding
HRTEM images are provided in Figure S3a,b.
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spontaneous decomposition with negative reaction energy,
which becomes maximum (−320 meV atom−1) when LPSCl
and LiCoO2 react at a ratio of approximately 1:1. Moreover,
the decomposition reaction is further promoted when the SE
materials are in contact with the delithiated cathode
(Li0.5CoO2), with a maximum energy of −450 meV atom−1,
as displayed by the red dashed line, indicating more serious
side reactions during the charging of ASLBs. This decom-
position reaction deteriorates the interface properties and often
leads to an increase of cell impedance and the loss of active
materials in the electrochemical reaction. However, we
observed that the stability of the SE can be significantly
enhanced when it is alternatively in contact with coating
materials, such as LBCO or LBO. The solid lines show that the
decomposition of electrolytes can be mitigated by coating
layers with a substantially reduced reaction energy. Even
though the decomposition reaction is still thermodynamically
favorable, the driving force is reduced by less than one-fifth.
Moreover, the interfaces between LiCoO2 and LBCO (or
LBO) were found to be stable without decomposition or with
negligible decomposition energies (Table S3), which indicates
that the surface degradation of LiCoO2 can be suppressed by
incorporating LBCO (or LBO) as coating layers. As a result,
the incorporation of LBCO (or LBO) as a coating layer is
expected to suppress the decomposition reactions of both the
cathode and the SE materials at the interface of them.
Inspired by the computational results, a series of LBCO-

coated LiCoO2 samples were prepared, along with the
reference samples of Li3−xB1−xCxO3. The reference
Li3−xB1−xCxO3 samples were obtained from a homogeneous
aqueous solution containing LiOH, H3BO3, and Li2CO3. The
phase-pure LBO samples (JCPDS no. 18-0718, Figure S1a)
exhibited a Li+ conductivity of 1.4 × 10−9 S cm−1 at 30 °C
(Figure S1b, Table S4).52 As Li2CO3 is added into LBO, the
characteristic peaks for the isostructural phase with Li2CO3
(JCPDS no. 22-1141) evolved, as seen in the XRD patterns
(Figure S1a).52,54 Correspondingly, Li+ conductivity was
drastically increased to 6.0 × 10−7 S cm−1 at x = 0.80 (Figure
S1b, Table S4), which is comparable to that of the state-of-the-

art coating material for sulfide ASLBs: amorphous LiNbO3
(Table S1).11,12,42

LBO-coated LiCoO2 was fabricated using surface-cleaned
LiCoO2, referred to as “c-bare”, which was obtained by a heat
treatment at 600 °C in air, while the LBCO-coated LiCoO2
was obtained using impurity-containing bare LiCoO2, referred
to as “bare”. The schematic diagram illustrating bare, c-bare,
LBO-coated, and LBCO-coated LiCoO2 is shown in Figure 2.
Also, the characteristics of the LBO and LBCO coatings
(weight fraction, thickness, and surface coverage) are provided
in Table 1. Field emission scanning electron microscopy
(FESEM) images of c-bare, LBO-coated (0.5 wt %), and
LBCO-coated (0.5 wt % of LBO or 1.72 wt % of LBCO)
LiCoO2 particles (Figure 3a−c, S2) showed no noticeable
differences. (Note: weight fraction of the coatings and x in in
Li3−xB1−xCxO3 indicate targeting values, unless otherwise
stated) However, the corresponding backscattered scanning
electron (BSE) images reveal the inhomogeneous distribution
of contrast in atomic numbers (Figure 3a−c, S2), confirming
the presence of the coating layers for LBO- and LBCO-coated
LiCoO2. Although a direct observation of the coating layers by
high-resolution transmission electron microscopy (HRTEM)
was hindered by the vulnerability of the low atomic number
constituents to electron beams, HRTEM images for LBO- and
LBCO-coated LiCoO2 particles showed lattice fringes
corresponding with LBO ((020) plane) and likely LBCO
((−202) plane), as shown in Figure 3d,e, respectively.
Moreover, the presence of boron in the form of Li3BO3 on
the surface of LBO- and LBCO-coated LiCoO2 was
corroborated by scanning TEM (STEM) images (Figure S3)
and their corresponding electron energy loss spectroscopy
(EELS) peaks at ∼193 eV (Figure 3f).55 In addition, compared
with LBO-coated LiCoO2, LBCO-coated LiCoO2 exhibited a
stronger carbon signature centered at ∼292 eV.56

The presence of boron in coated LiCoO2 was also confirmed
by X-ray photoelectron spectroscopy (XPS) data for B 1s
signals (Figure 4a). Both LBO- and LBCO-coated LiCoO2
samples showed peaks at 191.5 eV corresponding to B3+ for
Li3BO3.

55 The surface impurity on LiCoO2, Li2CO3, was
quantified by thermogravimetric analysis (TGA) in N2.
Whereas the c-bare sample showed no weight loss up to 850
°C, the bare sample started to lose weight at 700 °C, which is
indicative of the thermal decomposition of Li2CO3 (Figure
4b).57 From the weight loss value, the amount of Li2CO3 on
the surface of the bare sample was determined to be 1.1 wt %.
The thicknesses of the coating layers were estimated
considering the surface area of LiCoO2 powders obtained by
N2 adsorption−desorption isotherm measurements and are
given in Table 1. Low-energy ion scattering (LEIS) measure-
ments were carried out to analyze the conformality of the
coating layers on LiCoO2.

58 In LEIS, low-energy backscattered
ions are analyzed, allowing the identification and quantification
of the elements in the outermost atomic layer of a substrate.59

Figure 4c shows the LEIS spectra for bare, c-bare, LBO-coated
(0.5 wt %), and LBCO-coated (0.5 wt % of LBO) LiCoO2
particles when using 5 keV Ne+ as incident ions. The strong
peaks found at 1230 eV for the bare and c-bare samples
correspond with the ions backscattered by Co in LiCoO2. The
lower intensity of the Co peak obtained for the bare sample
compared with that obtained for the c-bare sample is due to
surface impurities containing Li2CO3. Furthermore, the LBO-
and LBCO-coated samples showed a much more attenuated
Co-peak, indicating that Co atoms are well covered by the

Figure 4. Characterization of bare, c-bare, LBO-coated, and LBCO-
coated LiCoO2. (a) XPS spectra for B 1s signals. (b) TGA profiles for
bare and c-bare LiCoO2 in N2. (c) LEIS spectra for 5 keV Ne+

incident ions.
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coating layers. Assuming that the surfaces of the c-bare sample
are perfectly uncovered, the surface coverages of the other
samples were determined by comparing the intensities of the
Co peaks and are shown in Table 1. For the bare sample, 21%
of the surface is covered by impurities, such as Li2CO3. The
surface coverages for LBO- and LBCO-coated samples turned
out to be 79% and 87%, respectively. The higher surface
coverage found for the LBCO-coated sample than for the
LBO-coated one is attributed to the overall larger amount of
coating materials.
The electrochemical performances of LiCoO2/Li−In all-

solid-state cells at 30 °C for LBO- and LBCO-coated LiCoO2,
depending on the weight fraction of the coatings, are shown in
Figure 5 in comparison with those for the c-bare and bare
samples. Compared with the c-bare LiCoO2 samples, all the

LBO-coated LiCoO2 samples showed a lowered polarization in
their charge−discharge voltage profiles (Figure 5a) and
correspondingly higher capacities, especially at higher C-rates
(Figure 5c), confirming the positive effect of the LBO coatings.
The optimal performance obtained with 0.1 wt % of LBO may
reflect that an interplay between the lowered direct contact of
LiCoO2-LPSCl and the nonimpeded Li+ transport through the
LBO coating determines the overall kinetics.60,61 The electro-
chemical performance was further improved by the LBCO-
coating (Figure 5b,d). LiCoO2 coated with LBCO with 0.5 wt
% of LBO exhibited the highest discharge capacities of 142 and
94 mA h g−1 at 0.2 and 2C, respectively, which are comparable
to those of state-of-the-art LiCoO2 electrodes in ASLBs.11,12,34

It should be noted that the higher Li+ conductivity of LBCO
compared with that of LBO allows a larger amount of coatings

Figure 5. Electrochemical characterization of LiCoO2/Li−In all-solid-state cells at 30 °C. Charge−discharge voltage profiles for (a) LBO- and (b)
LBCO-coated LiCoO2. Rate performances for (c) LBO- and (d) LBCO-coated LiCoO2. The results for c-bare, bare, and a-LBCO-coated (artificial-
LBCO-coated) LiCoO2 are compared in (a−d). (e) Transient discharge voltage profiles obtained by GITT. (f) Nyquist plots of LiCoO2/Li−In
cells. The corresponding equivalent circuit model and interfacial resistances are shown in Figure S4 and Table S5, respectively.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b03321
Chem. Mater. 2018, 30, 8190−8200

8194

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03321/suppl_file/cm8b03321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b03321/suppl_file/cm8b03321_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.8b03321


to achieve an optimal rate capability (Table S1). LBCO
coating was also applied on c-bare LiCoO2 using an aqueous
solution containing LiOH, H3BO3, and Li2CO3; this sample is
referred to as artificial LBCO-coated LiCoO2 (a-LBCO).
Consistent with the results of LBCO-coated LiCoO2, a-LBCO-
coated LiCoO2 also showed an excellent rate capability. The
trend of improvement, which goes in the order of bare (or c-
bare), LBO-coated, and LBCO-coated samples, agrees well
with the lowered polarization in the transient discharge voltage
profiles obtained by galvanostatic intermittent titration
technique (GITT) (Figure 5e) and the smaller interfacial
resistances obtained from Nyquist plots (Figures 5f and S4 and
Table S5).
The cycling performances of LiCoO2/Li−In all-solid-state

cells at 0.2C and 30 °C using c-bare, LBO-coated, and LBCO-
coated LiCoO2 are shown in Figure 6. With an upper cutoff
voltage of 4.3 V (vs. Li/Li+), the capacity retention for c-bare
samples after 50 cycles, compared with that at the second
cycle, was 88.8%. The coatings of LBO (0.1 wt %) and LBCO
(0.5 wt % LBO) resulted in enhancements in capacity
retention: 92.2% and 93.8%, respectively. When the upper
cutoff voltage was raised to 4.5 V (vs Li/Li+), more dramatic
improvements in cycling performance caused by the coating
were confirmed; the capacity retentions after 25 cycles,
compared with that at the fourth cycle, were 81.6%, 88.7%,
and 93.8% for c-bare, LBO-coated, and LBCO-coated LiCoO2,
respectively. Notably, the electrochemical performance of
LBCO-coated LiCoO2 for ASLBs appears to be superior to
even that of the LiNbO3-coated sample (Figure S5). From the
electrochemical results, the following features are summarized:
(i) the rate capability and cycling performances are enhanced,
from worst to best, in the order of bare (or c-bare), LBO-

coated, and LBCO-coated LiCoO2, and (ii) compared with
LBO coatings, thicker coatings are possible using LBCO
thanks to its higher Li+ conductivity.
As an attempt to gain mechanistic insights on the protective

coatings on LiCoO2 for ASLBs, ex situ XPS analyses were
carried out for c-bare, LBO-coated, and LBCO-coated LiCoO2

electrodes before and after cycling to probe for changes at the
electrode−SE interfaces. Because the mixture electrodes do not
contain conducting carbon additives, any effects caused by
carbon-SE interfaces could be ruled out. The signals for Co 2p,
S 2p, and P 2p are shown in Figure 7. For the Co 2p spectra
shown in Figure 7a, the evolution of Co3S4 after cycling
(shown in the deconvoluted peaks in violet) is noticeable.62,63

Because the physical mixture sample of c-bare LiCoO2/LPSCl
does not show the signature of Co3S4, the formation of Co3S4
is suspected to be electrochemically driven, which is consistent
with the observation of interatomic diffusion of Co and S at
the interfaces of LiCoO2/Li2S·P2S5 presented in a previous
report.34 Because Co3S4 is electronically conducting (thus
nonpassivating), reactions at bare LiCoO2/LPSCl interfaces
occur progressively, which is detrimental to their electro-
chemical performance.28,29,32 In stark contrast, the Co 2p
signal for LBO-coated LiCoO2 after cycling shows a much
lower intensity for Co3S4. Moreover, LBCO-coated LiCoO2

after cycling showed a negligible signature of Co3S4. This result
reflects the excellent protection of LiCoO2 provided by LBCO,
which can be attributed to its high surface coverage (Figure 4c,
Table 1) and its buffering effects, as our first-principles
computational results suggest (Table S3). In a consistent
fashion, the suppressed evolution of Co3S4 after cycling from
worst to best was confirmed to be in the order of c-bare, LBO-
coated, and LBCO-coated LiCoO2, as shown by the S 2p
signals in Figure 7b. As shown in the P 2p signals in Figure 7c,
the signature of phosphate (PO4

3−, shown in the deconvoluted
peaks in dark cyan) appeared for the LBO-coated sample and
became more intense for the LBCO-coated one.46,64 The
phosphate species could be derived from the electrochemical
reaction of LBO or LBCO with LPSCl. In contrast to Co3S4,
the as-formed phosphates are good electronic insulators, thus
effectively passivating to inhibit the continuous decomposition
of the bulk SEs.28,29,32 The evolution of bridging sulfur (S−S
or P−[S]n−P (n ≥ 2) after cycling observed in the S 2p and P
2p signals is consistent with previous reports.46,65,66

Based on the electrochemical characterization and the
complementary analyses presented so far, the interface phases
between cathode and SE material appear to be sensitively
dependent on the coating materials used, as illustrated in
Figure 8. The surfaces of bare LiCoO2 are covered by the
impurities, including Li2CO3. More importantly, the electro-
chemically driven reactions between LiCoO2 and LPSCl form
detrimental mixed conducting interphases (MCIs), as
evidenced by the observation of Co3S4, which shows a lack
of passivating capability. The aqueous-solution coating process
for LBO renders to form the LBCO layers. The high Li+

conductivity of LBCO allows for the formation of thick and
thus high-surface-coverage protective layers, which suppresses
the significant decomposition at the interface. Moreover, the
electrochemical reaction of LBCO with LPSCl enables the
formation of good passivating layers comprised of phosphates.
As an overall consequence, LBCO coating on LiCoO2 results
in significant improvements in rate capability and durability.

Figure 6. Cycling performances for LiCoO2/Li−In all-solid-state cells
using c-bare, LBO-coated, and LBCO-coated LiCoO2 at 0.2C and 30
°C. Discharge capacities as a function of the number of cycles in the
voltage ranges of (a) 3.0−4.3 V (vs Li/Li+) and (b) 3.0−4.5 V (vs Li/
Li+).
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■ CONCLUSION

In summary, a new LBCO coating process on LiCoO2 for
sulfide-based ASLBs via a scalable aqueous-solution protocol
was rationally designed, considering the formation of an
interphase between the cathode and SE materials, and was
demonstrated to significantly improve electrochemical per-
formances. Using the aforementioned aqueous LBO-solution
process, the poorly Li+-conducting surface impurity on
LiCoO2, Li2CO3, could be converted into highly Li+-
conductive LBCO (max. conductivity of 6.0 × 10−7 S cm−1

at 30 °C), which could protect LiCoO2 with thick and high-
surface-coverage layers. More specifically, LiCoO2/Li−In all-
solid-state cells employing the proposed LBCO coating with
0.5 wt % LBO showed discharge capacities of 142 and 94 mA h
g−1 at 30 °C at 0.2C and 2C, respectively, in contrast to the
discharge capacities of 107 and 18 mA h g−1 obtained for the
ones using bare LiCoO2. From the complementary analyses by

electrochemical measurements, XRD, FESEM, BSE, HRTEM,
EELS, TGA, LEIS, and ex situ XPS, it was revealed that the
LBCO coatings prevent the evolution of detrimental MCIs
containing Co3S4 and can effectively passivate the interfaces by
alternatively forming phosphate-based phases. We believe that
our results not only provide an in-depth mechanistic
understanding on the interfacial evolutions for ASLBs but
also open up a new avenue to rationally engineer the interfaces
for practical all-solid-state technologies.

■ EXPERIMENTAL SECTION
Preparation of Materials. The LBO and LBCO powders were

prepared by dissolving stoichiometric amounts of LiOH (99.995%,
Alfa Aesar), H3BO3 (>99.5%, Sigma-Aldrich), and Li2CO3 (99.997%,
Sigma-Aldrich) in deionized water. In order to minimize any effects of
different precipitation kinetics for Li2CO3 and Li3BO3 (from H3BO3
and LiOH), the water was evaporated under a vacuum at 80 °C using
a rotary evaporator, followed by a heat treatment at 600 °C for 5 h in

Figure 7. XPS results for c-bare, LBO-coated (0.1 wt %), and LBCO-coated (0.5 wt % of LBO) LiCoO2 for pristine powders and electrodes after
cycling. The data for LiCoO2/SE (Li6PS5Cl) mixtures are also shown for comparison. The signals for (a) Co 2p, (b) S 2p, and (c) P 2p are shown.
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air. The cleaned bare LiCoO2 powders (c-bare) were prepared by heat
treatment at 600 °C for 10 h in air. The LBO- and LBCO-coated
LiCoO2 powders were prepared using an aqueous LBO solution. After
the bare LiCoO2 powders were added into the coating solution
prepared by dissolving a stoichiometric amount of LiOH (99.995%,
Alfa Aesar) and H3BO3 (>99.5%, Sigma-Aldrich) in deionized water,
the solvent was evaporated under a vacuum at 80 °C using a rotary
evaporator, followed by a heat treatment at 600 °C for 10 h in air. To
obtain the LBO- and LBCO-coated LiCoO2 powders, c-bare and bare
LiCoO2 powders were used, respectively. For the LBCO-coated
LiCoO2 powders, the surface impurity, Li2CO3, serves as the source
for the coating materials. In contrast, the artificial-LBCO-coated (a-
LBCO) LiCoO2 powders were prepared using c-bare LiCoO2 and a
coating solution, prepared by dissolving LiOH, H3BO3, and Li2CO3
(99.997%, Sigma-Aldrich) in deionized water. The LPSCl SE powders
were prepared by ball milling a stoichiometric mixture of Li2S (99.9%,
Alfa Aesar), P2S5 (99%, Sigma-Aldrich), and LiCl (99.99%, Sigma-
Aldrich) at 600 rpm for 10 h with ZrO2 balls.

23 Then, the ball-milled
powders were heat-treated at 550 °C for 5 h in an Ar atmosphere.
Thermodynamic Calculations. Intrinsic electrochemical win-

dows were predicted by constructing Li grand potential phase
diagrams.28,30,31 Potential reactions at the interfaces were considered
as chemical reactions between two corresponding compositions at the
interfaces.30,31 Multidimensional compositional phase diagrams were
constructed, and then pseudobinary phase diagrams that have the two
target compositions as end points were extracted from the
multidimensional phase diagrams. The potential decomposition
reactions were examined along the pseudobinary phase diagrams
with varying fractions of reactants. Most of the energy values used for
constructing phase diagrams were obtained from the Materials Project
database.67 However, the energies of unstable target materials, such as
layered Li0.5CoO2 and Li6PS5Cl, were corrected by making their
decomposition energies become zero, as previously suggested.28

Additionally, the energy of LBCO (Li3−xB1−xCxO3, x = 0.80) was
evaluated as a linear combination of Li3BO3 and Li2CO3 because
calculating the exact energy of the phase is computationally
impossible. Despite these assumptions, we believe that the error of
the calculated decomposition energy does not significantly affect the
outcome of this study.
Materials Characterization. The XRD measurements were

conducted using a D8-Bruker Advance diffractometer under Cu Kα

radiation (1.54056 Å). To avoid exposure to air, the samples were
sealed with a Be window. The FESEM and BSE measurements were
carried out using Quanta 200FEG (FEI). The accelerating voltage and
emission current were fixed at 1 kV and 10.5 μA, respectively. The
HRTEM images and their corresponding selected-area electron
diffraction (SAED) patterns and EELS spectra were obtained using
JEM-2100 (JEOL) and JEM-2100F (JEOL). The XPS data were
collected with a monochromatic Al Kα source (1486.6 eV) at 72 W,
12 kV, and 6 mA using an X-ray photoelectron spectrometer
(ThermoFisher). For the ex situ XPS measurements, the collected
samples were loaded in an Ar-filled dry glovebox and loaded into the
XPS equipment quickly while minimizing exposure to air. The
amount of B was determined using inductively coupled plasma optical
emission spectroscopy (ICP-OES, 720-ES, Varian). The amount of C
in bare LiCoO2 was obtained by the TGA measurements using Q500
(TA Instrument Corp) and applied to determine the amount of
LBCO in LBCO-coated LiCoO2. Also, the amount of C in LBCO-
coated LiCoO2 was directly measured using elemental analyzer (EA,
FLASH EA1112). The LEIS measurements were carried out using
Qtac100 (IONTOF GmbH).

Electrochemical Characterization. For the measurement of Li+

conductivity, LBO and LBCO powders were prepared by the same
procedure for preparing LBO- and LBCO-coated LiCoO2, except for
the presence of LiCoO2. Then, the powders were pelletized by cold-
pressing at 370 MPa and subsequent sintering at 600 °C for 5 h in air.
The as-prepared pellets were subjected to measurements of Li+

conductivity by the AC impedance method (Iviumstat, IVIUM
Technologies Corp.) using symmetric Li-ion blocking carbon-coated
Al (c-Al)/pellet/c-Al cells. The LiCoO2/Li−In all-solid-state cells
were prepared as follows.12,23 Partially lithiated indium (Li0.5In,
nominal composition) powders were prepared by mechanically
milling a mixture of In (Sigma-Aldrich, 99.99%) and Li (FMC
Lithium corp.). After the SE layer was formed by pressing 150 mg of
LPSCl powders, the electrode mixtures of LiCoO2 and LPSCl (70:30
weight ratio) were spread on one side of the SE layer, followed by
pressing. Then, the as-prepared Li0.5In powders were put on the other
side of the SE layer. Finally, the whole assemblies were pressed at 370
MPa. The mass loading of LiCoO2 was 8.3 mg cm−2. All the pressing
was carried out in a polyaryletheretherketone (PEEK) mold (diameter
= 13 mm) with Ti rods as current collectors. All the electrochemical
tests were conducted at 30 °C. The C-rate of 1C corresponds with

Figure 8. Schematic diagram illustrating the different interface features of bare and LBCO-coated LiCoO2 in all-solid-state-cell electrodes.
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161 mA g−1. The GITT measurements were carried out at a pulse
current of 0.5C for 90 s and a rest for 2 h. The EIS measurements
were performed from 1.5 MHz to 5 mHz with 10 mV of amplitude
after discharging the cells to 3.9 V (vs Li/Li+) at 0.2C at the second
cycle.
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