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Garnet-based all-solid-state Li-ion batteries (ASSLIBs) suffer from high interfacial resistance at the cath-
ode/electrolyte interface. Herein, we propose a LiBO, (LBO) modification over a LiCoO, (LCO) cathode
to improve the interfacial contact and subsequently, the electrochemical performance of the cell. The
High-Resolution Transmission Electron Microscopy (HR-TEM) images of the cathode particle show that
the LiBO, (LBO) content on the LCO surface effectively improves the electrode/electrolyte interface. In the
cut-off voltage range of 3 - 4.3 V vs. Li, the LBO-LCO maintains 50% of its initial capacity (60 mAh g1)
after the 40th cycle, which is much higher than bare LCO in the ASSLIB configuration. The LBO layer over
LCO enhances the Li-ion diffusion kinetics and eventually improves the electrochemical performance of
the cell. To suppress the mechanical degradation of the electrode/electrolyte interface, we have reduced
the working potential window to 3 - 4.1 V vs. Li, where the LBO-modified LCO provides an initial dis-
charge capacity of 101 mAh g-! and assists in realizing improved cyclic performance in comparison with

the conventional potential window.

© 2020 Published by Elsevier Ltd.

1. Introduction

The development of environment-friendly energy conversion
and storage systems is essential to alleviate the challenges of eco-
logical deterioration, the greenhouse effect, and the depletion of
fossil fuels. In the last few decades, Li-ion batteries have been used
in portable electronics and electric vehicles because of their high
energy in both volumetric and gravimetric scale over other sec-
ondary batteries like Pb-acid, Ni-Cd, and Ni-MH. However, Li-ion
batteries have major drawbacks, such as flammable solvents, lim-
ited power capability, and the formation of Li dendrites. There-
fore, to improve safety, it has been proposed to replace the liquid
counterpart with a solid electrolyte by retaining metallic Li as the
anode [1,2]. Generally, the solid electrolyte or the fast Li-ion con-
ductor is considered the heart of the all-solid-state Li-ion battery
(ASSLIB) concept. For the complete realization of the ASSLIB config-
uration, the battery should operate at ambient or realistic tempera-
tures, and the solid electrolytes should have high ionic conductivity
(>10=% S cm~!) with negligible electronic conductivity (o = 1012
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S cm~!) and be capable of operating over a wide potential win-
dow (> 5 V vs. Li) [3]. The most commonly reported ceramic solid-
electrolytes are perovskite (Liz3Lag56TiO3) [4,5], sodium superionic
conductor (NASICON) (LiTi;(POg4)3) [6], garnet-type Li;LazZr,04;
[7,8] and LISICON (L114ZH(G604)4) [9], thio-LISCICON (L110G6P2512)
[10,11], anti-perovskite Li;OX (X = Cl=, Br—, I") [12], and argyrodite
LigPSsX (X = Cl, Br, I) [13] structures.

Even though the NASICON and perovskite-based material show
high ionic conductivity (10~4 S/cm > S cm~!), their chemical in-
stability (Ti** reduction) against the Li metal anode is worth men-
tioning [14,15]. In contrast, sulfide-based solid electrolytes have
high ionic conductivity, excellent mechanical strength, and low
grain boundary resistance, but they produce dangerous H,S gas
when they react with moisture; in addition, the poor compatibil-
ity of sulfide-based solid electrolytes with oxide cathode materials
is an issue [16,17]. Compared with other ceramic electrolytes, the
garnet Lig75LasZry75xg25(X = Nb, Ta)Oq, solid electrolyte is con-
sidered a superior choice because of its excellent thermal stability,
comparable ionic conductivity, and low reduction potential against
the Li metal anode [14,18]. However, the high interfacial resistance
at electrode-electrolyte interfaces is a longstanding problem asso-
ciated with the fabrication of solid-state batteries. Therefore, it is
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necessary to overcome interfacial issues to improve the electro-
chemical performance of these batteries. The space charge layer
formation, structural disorder, and lattice mismatch are the main
reasons for such high impedance across the interface in solid-state
batteries [19,20]. The space charge layer formation in the interface
is a result of the different Li chemical potentials in the electrode
and electrolyte, which restrict the charge transfer rate. [21] Many
attempts have been made to solve the above-mentioned issues, in-
cluding metal oxide coating, phosphate coating, and carbonate for-
mation on the surface of the cathode material; however, tackling
the issue remains a challenge.

Buffer layer coating is an efficient technique that has many ad-
vantages, such as reducing the Li-deficient layer formation, the un-
wanted electrochemical reaction between the cathode and elec-
trolyte, and cross-diffusion of elements. It has been suggested that
Lle03, Li4Ti50]2, Li4SiO4—Li3PO4, and Li4GEO4—Li3PO4 modifica-
tions can significantly suppress the interfacial resistance when us-
ing a sulfide-based solid-state electrolyte [22,23,24]. Nevertheless,
electrode and electrolyte attachment in an oxide electrolyte is dif-
ficult because it is more brittle than a sulfide system. Interestingly,
a few research groups have improved the cathode/electrolyte in-
terface by coating of LiCoO, (LCO) thin films on the electrolyte
by magnetron sputtering, pulsed laser deposition, and the sol-gel
method [25,26,27]. However, the production of large-scale solid-
state batteries remains limited because of the low energy density,
which is attributed to the low active mass loading and high cost
of equipment. [28] Slurry casting and printing methods can be
used, but the utilization of polymeric binders is limited because
it connects only the surface-active materials to the electrolyte.
[29] The alternative technique of sintering at a high temperature
can improve the physical contact between the cathode and elec-
trolyte, but the formation of an electrochemically inactive phase
and the cross-diffusion of elements in the interface remain as is-
sues. [30] To overcome these challenges and achieve good contact
at the interface, the chemically stable Li-ion conductive binder has
been used in ASSLIBs. Unfortunately, very few studies have been
carried out by a few research groups using Li3BO3 as a sintering
aid to enhance the adhesion between the cathode and electrolyte
[31,32]. Nevertheless, the performance of ASSLIBs is still inade-
quate for practical use because of the partial contact between the
cathode particles during the electrochemical process. Therefore, in
the present work, we intended to modify the cathode surface us-
ing a Li-ion-based buffer layer coating (LiBO,, LBO) to improve the
electrochemical performance of LCO in the ASSLIB configuration.
The main advantage of using LBO is its low melting point and
high deformability. The coated LBO was melted at 700 °C for high-
temperature treatment, forming a wide and homogeneous contact
with the active material to increase its electrochemical utilization.

Herein, the bare LCO composite based ASSLIB displayed poor
contact between the LCO and electrolyte; specifically, there is a gap
between its interfaces. The poor contact in the cathode composite
leads to high polarization for ion transfer and low discharge capac-
ity during the electrochemical performance. The LBO modification
over LCO particles was performed by the high-energy ball-milling
method. The coated LBO provided good physical contact between
the cathode and electrolyte and helped to decrease the resistance
and fill the gap between the interfaces, which is highly favorable
for facile Li-ion transfer. The LBO-coated LCO composite/garnet
Li;La3Zrq75Nbg2501,/Li metal in the ASSLIB cell affords a high dis-
charge capacity and long cycling performance. The engineered in-
terface improves the contact area and facilitates the Li-ion and
electron transfer. The main objective of this work is to study the
influence of buffer layer (LBO) coating on the LCO cathode active
material in an ASSLIB. The galvanostatic charge/discharge perfor-
mance of the cell confirms the high discharge capacity with good
cycle life. We believe this work provides a new method to improve

the cathode active material utilization and decrease the interfacial
resistance of an oxide-based solid-state system.

2. Experimental section
2.1. Preparation of garnet solid-state batteries

The ASSLIB was constructed with an LCO cathode and Li metal
anode separated by a Lig75LazZry75Nbg 2501 (LLZO) ceramic elec-
trolyte. The LLZO solid electrolyte was prepared by the tradi-
tional solid-state method. Accordingly, the Li,CO3; (99%), La,;0s
(99.9%), ZrO, (99%), and Nb, 05 (99.99%) precursors were dispersed
in ethanol and ball-milled for 24 h in a high-energy ball-milling
machine (Fritsch Pulverisette 6). Then, the resultant powder was
dried at 60 °C and calcined at 950 °C for 18 h. The powder was
again ball- milled for 24 h to improve the homogeneity and dried
at 60 °C overnight. Then, the powder was pelletized by uniaxial
pressing (10 MPa) and sintered at 1050 °C for 12 h (O, atmo-
sphere) to prepare the LLZO solid electrolyte. The diameter and
thickness of the pellet were estimated to be 1 cm and 1 mm, re-
spectively.

The LBO (10 wt.%) was mixed with LCO particles (commercial
powder) and ball-milled for 1 h in a high-energy ball-milling ma-
chine (Fig. 1). The LCO or LBO@LCO powder, LLZO solid electrolyte,
and indium tin oxide (ITO) (weight ratio of 70:20:10) were mixed
with ethyl cellulose binder and 1-methyl-2-pyrrolidone (NMP) sol-
vent to prepare the cathode slurry. The indium tin oxide (ITO) is
a new conductive material which has excellent stability and con-
ductivity. [33] The obtained slurry was cast on the surface of the
prepared solid electrolyte. After drying overnight, it was heated
at 700 °C for 1 h to improve the interfacial contact. The actual
mass loading of the active material was found to be 1 mg. The Li
metal was attached to the opposite side of the pellet as an anode
and liquefied for better anodic contact [Fig. 2]. A 2032-coin cell
was assembled inside a glove box with a moisture content level
of < 0.01 ppm. Before the electrochemical studies, the cell was
heated to 80 °C to improve the interfacial contact across the elec-
trode and electrolyte. For comparison, a prepared liquid cell con-
sisted of LCO as the cathode and Li metal as the anode, separated
by a polypropylene separator with 1 M LiPFg (EC: DMC for 1:1)
as the electrolyte. The proportion of active material, ketjen black,
and teflonized acetylene black (TAB-2) binder in the cathode elec-
trode were 7:2:1. Before cell assembly, the attained mixtures were
pressed on a stainless mesh current collector and dried in an oven
at 160 °C for 4 h. Electrochemical studies were carried out between
3 and 4.3 V vs. Li at 25 °C.

2.2. Material characterization

Structural studies were performed using a powder X-ray diffrac-
tometer (XRD) with Cu K« radiation (Rint 1000, Rigaku, Japan) in
the range of 10-60° The surface morphology, cross-sectional image
of the interface, and elemental composition were studied using a
field-emission scanning electron microscope (FE-SEM, S-4700, Hi-
tachi, Japan) coupled with an energy-dispersive X-ray spectroscopy
(EDX) module. Pt was sputtered on both sides of the pellet by E-
1030 ion sputter machine (Hitachi). The ionic conductivity of the
LLZO pellet was calculated using a 4284A Precision LCR Meter be-
tween 1 MHz and 25 mHz with an applied amplitude of 1 mV. The
a.c. impedance studies (EIS) and cyclic voltammetry (CV) of the
solid-state battery were measured using an electrochemical ana-
lyzer (SP-150, Biologic, France). Electrochemical studies such as CV
and galvanostatic charge-discharge studies were performed using
an Arbin BT-2000 battery tester at 80 °C with various testing po-
tential windows.
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Fig. 1. (a) Schematic diagram for LBO coated on the surface of LCO particles, and (b) schematic diagram for LBO@LCO/LLZO/Li metal solid-state battery.
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Fig. 2. (a) XRD pattern, (b) EIS curve for the prepared LLZO along with the equivalent circuit, (c) SEM image, (d) EDS mapping image for (e-h) oxygen, zirconium, niobium,
and lanthanum elements in the prepared LLZO. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion
3.1. Physical characterization

The XRD was used to analyze the structure and phase analy-
sis of the LLZO electrolyte. The XRD pattern obtained for the Nb-
LLZO material is shown in Fig 2a. The high-intensity reflections in-
dicate the formation of a cubic phase (space group=Ia-3d) without
any secondary tetragonal phase (space group=Iy;/acd) as an impu-
rity [8,34]. The observed high-intensity peaks positioned at 17.05°,
26.01°, 31°, and 34.20° correspond to the (112), (123), (042), and
(224) planes, respectively, and reveal the formation of the LLZO
solid electrolyte. The obtained high-intensity crystalline peaks are

consistent with the parent LisLagNb,0q, structure (ICSD: 54,864).
[35] The calculated lattice parameter value reveals the formation of
a cubic structure with a lattice constant of 12.89 A. [36] The crys-
tallite size of the LLZO was estimated to be 23-47 nm using the
Debye-Scherrer formula. [37] The impedance and ionic conductiv-
ity of the Li-ion conductor were calculated using the ac impedance
spectra. The Cole-Cole plot of the prepared LLZO impedance spec-
tra is shown in Fig. 2b. For EIS measurements, both sides of the
pellet surfaces were sputtered with a layer of Pt. The EIS spectra
show a semicircle at high and medium frequencies and a nearly
vertical line in the low-frequency region. The semicircle repre-
sents the bulk, and the grain boundary resistance (total) of the
electrolyte and the vertical line may be due to the Li-ion trans-
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Fig. 3. (a) XRD pattern of LBO@LCO, (b, c) TEM image of bare LCO particles, (d, e) TEM image and (f) HR-TEM image of LBO@LCO particles.

fer resistance between the electrolyte and electrode. [38] The total
ionic conductivity, o o, Of the prepared LLZO was estimated to be
1.3 x 10 S cm™! at ambient temperature from the EIS measure-
ment. This was employed as the solid electrolyte towards the fab-
rication of the ASSLIB. The observed ionic conductivity is slightly
inferior to the literature data (in the order of 10~* S cm™!) which
is mainly due to its crystal structure and its relative density. Specif-
ically, our solid electrolyte exhibits lower relative density of ~74%.
The morphology of the electrolytes was studied by FE-SEM. The FE-
SEM images confirm the coarsely shaped nature of the LLZO parti-
cles (Fig. 2¢). The particle size was approximately in the range of
2-4 pm. The EDS mapping analysis (Fig. 2d) revealed that oxygen,
zirconium, niobium, and lanthanum elements were uniformly dis-
tributed in the LLZO matrix (Fig. 2e-h).

Fig. 3a shows the XRD pattern of LBO-coated LCO powder. The
collected reflections are well-matched with a hexagonal structure
(R-3 m space group), and there is no appearance of impurity
phases. The lattice parameter values for the LBO-coated LCO were
calculated to be a = 2.813 A and ¢ = 13.95 A. Figs. 3b-f show TEM
images of the bare LCO and LBO-coated LCO particles. The TEM im-
ages (Figs. 3d & e) of the LBO@LCO particle show coarse surface
features, where the LBO particles have encapsulated the surface of
LCO particles after the high-energy ball-milling process. This has
been clearly validated with the elemental mapping, and the im-
age clearly shows the presence of Boron over the LCO particle (Fig.
S1.) The HR-TEM image further confirmed that LBO is coated with
a thickness of 2-3 nm on the surface of LCO particles (Fig. 3f).
The corresponding d spacing values were (4.67 A and 2.39 A) cal-
culated from the HR-TEM pictures which perfectly matches with
the (003) and (101) plane places of LCO. These results suggest that
the coated LBO melted at high temperature (700 °C) and was able
to occupy the voids between the cathode and electrolyte particles
[32,39].

Fig. 4a shows FE-SEM images of the bare LCO+LLZO, and 4b
shows LBO@LCO+LLZO composites, respectively. The FE-SEM im-
age (Fig. 4a) of the bare LCO composite shows a slight aggregation
of the particles, which leads to poor contact between the cathode
and electrolyte. In contrast, over the pristine composite, LBO was
melted and encapsulated over the cathode and electrolyte parti-
cles after heat treatment. [39] As expected, the coated LBO plays
a crucial role in the surface contact across the cathode/electrolyte
interface during the sintering (700 °C) process. Figs. 4c and d il-
lustrate the cross-sectional FE-SEM images of the bare LCO com-
posite/LLZO and LBO@LCO composite/LLZO electrolyte interface, re-
spectively. The thickness of the cathode composite was approxi-

mately 10 pm. Fig. 4c shows the cross-sectional FE-SEM image of
bare LCO-LLZO composite after heat treatment, which is composed
of voids in the interface, reflecting the poor interfacial contact
between the cathode composite and electrolyte. These interfacial
voids normally lead to the poor electrochemical performance of
the cell. The underprivileged contact interrupts the Li-ion percola-
tion pathways, and thus hinders the overall charge-transfer kinet-
ics at the interface. Conversely, the FE-SEM images of the LBO@LCO
composite and LLZO electrolyte (Fig. 4d) show the effective and
much-improved contact between them without forming any inter-
facial voids. At 700 °C, the coated LBO became a eutectic phase
and occupied the voids between the cathode and electrolyte inter-
face. [39] Therefore, the surface modification of LBO dramatically
reduces the interfacial resistance, thereby increasing Li-ion trans-
port.

3.3. Electrochemical performance of ASSLIB

Electrochemical impedance spectroscopy (EIS) is a convenient
tool to study interfacial properties, especially at the interface. In
the present case, the EIS has primarily been used to measure the
charge transfer resistance, Rq. [38] Fig. 5a presents the Nyquist
plot of the surface-modified and unmodified cathodes in ASSLIB
configuration. The R value of the unmodified cell shows a value of
7.52 kQ, whereas the LBO-modified LCO has a value of only 3.14 kQ
because of the favorable contact between the electrode and elec-
trolyte interface. Fig. 5b shows the comparative CV of unmodified
and modified LCO composites in ASSLIB configuration. To obtain
a suitable charge/discharge process, LCO should contain the elec-
tronic and ionic conductive networks that enable electron and Li-
ion transport in the cathode. The LLZO powder was added to the
LCO cathode so that the LLZO electrolyte can act as a Li-ion con-
ductor; however, the non-modified battery has low capacity be-
cause of intermittent Li-ion conductive network. The redox peak
confirms that the charge/discharge process in the battery is due
to the Li-ion de-intercalation/ intercalation process in the cathode
[29,40] (inset Fig. 5b). The peak intensity is low for the unmodified
LCO, which is attributed to the poor contact between the cathode
composite and electrolyte interface (Fig. 5b). The LBO- modified
LCO displayed a prominent oxidation peak at ~4.28 V vs. Li with
a high current response compared to the unmodified LCO elec-
trode which clearly indicates the Li-extraction from the LCO cath-
ode upon charge process. A reduction peak at ~3.75 V vs. Li ap-
peared because of the intercalation of Li ions during the discharge
process [27] (Fig 5b). Therefore, it is obvious that the solid-state
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Fig. 4. Top surface and cross-sectional interface of the (a, ¢) LCO/LLZO composite and (b, d) LBO@LCO/LLZO composite after 700 °C heat treatment.
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battery has a suitable connection between the LCO cathode and Li
metal anode as a result of the LBO modification.

The electrochemical performance of the ASSLIB was studied to
extract 0.5 mol Li; hence, the potential window was adjusted be-
tween 3 and 4.3 V vs. Li. The charge/discharge studies were per-
formed at a rate of 0.1 C. For a comparison of the electrochemi-
cal performance, and we provide a liquid cell test in the support-
ing information (Figure S2). The inset image of Fig. 6a confirms
that there is no prominent voltage plateau in the unmodified cell,
which can be attributed to the poor adhesion between the elec-
trode and electrolyte; this is in consistent with the CV studies. The
cell delivered initial capacities of 8 and 4 mAh g-! for charge and
discharge, respectively, with a Coulombic efficiency of ~50%. Upon
prolonged cycling, there is no marked improvement in the charge
and discharge performance of the unmodified cell. For the LBO-
modified LCO, a discharge capacity of ~120 mAh g-! was observed,
which is better not only than that of the unmodified LCO but also
than those of previously reported works on similar configurations

listed in Table T1 [48-50]. Initially, the cells rendered a Coulombic
efficiency of only ~77%; however, after three cycles, the efficiency
of the cell approached >97% because of the formation of a stable
interface layer (Fig. 6b, c)[41,42]. Although excellent reversibility
is observed for the LBO-modified LCO-based ASSLIB, the capacity
tends to decrease upon cycling; for example, after 40 cycles, the
cell displayed capacity of 60 mAh g — 1. This corresponds to a ca-
pacity retention of 50%. In this potential range, the continuous for-
mation of the inactive phase between the LCO and LLZO across the
interfacial region, which leads to the decline in the capacity profile
upon extended cycling [30,43,44].

To suppress the undesirable side reaction with LCO and LLZO,
we altered the potential window from 4.3 to 4.1 V vs. Li. Fig. 7
shows the electrochemical performance of the LBO-modified LCO-
based ASSLIB. After adjusting the cut-off voltage (3-4.1 V vs. Li),
the cell displayed capacities of 121 and 101 mAh g! for the first
charge and discharge, respectively, with a Coulombic efficiency of
~83% (Fig. 7a, b). After the 1st cycle, the Coulombic efficiency of
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the cell tends to >99% because of the much-improved interfacial
electrode-electrolyte contact enabled by the LBO encapsulation. Af-
ter 40 cycles, the cell retained a discharge capacity of 67 mAh g-!
with a capacity retention of ~66% (Fig. 7b, c). During the electro-
chemical process, the capacity loss primarily occurred as a result
of the mechanical degradation of the cathode/electrolyte interface.
[45] To further understand the degradation process of the cell, we
are currently pursuing in-situ and post mortem analyses of the
ASSLIB.

The enhanced electrochemical activity was observed for the
LBO@LCO composite compared with the unmodified LCO. This en-
hanced performance occurred mostly because of the formation of
the LBO eutectic phase at a high temperature (700 °C), which ef-
ficiently binds the LCO and LLZO particles [32,39]. Based on this
study, we believe that the high-voltage stable coating layer over
the active material-based cathode composite should further im-
prove the electrochemical performance in terms of capacity, cycle
life, and rate capability [46,47]. Accordingly, further research activ-
ities should proceed toward fabricating a high-performance ASSLIB
configuration.

Conclusion

We successfully fabricated and demonstrated the elevated tem-
perature (80 °C) operation of an LCO-LLZO composite-based all-
solid-state Li-ion battery (ASSLIB). Achieving high capacity and cy-
cle life for the battery necessitates interfacial modification to pre-
vent internal resistance during the electrochemical performance.
Herein, we employed an LBO coating over LCO cathode particles
to enhance the interfacial contact, ionic conductivity, and mechan-
ical stability, and to fabricate a high-performance ASSLIB with high
discharge capacity (120 mAh g-!). By limiting the upper cut-off
potential to 4.1 V vs. Li, the cell translates better capacity pro-
files with a decent discharge capacity (101 mAh g-1) and cycla-
bility. These results illustrate that LBO encapsulation over LCO is
a promising strategy to realize a garnet LLZO-based all-solid-state
battery.
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