
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Interfacial Engineering in a Cathode Composite Based on
Garnet-Type Solid-State Li-Ion Battery with High Voltage
Cycling
Ramkumar Balasubramaniam,[a] Chan-Woo Nam,[a] Vanchiappan Aravindan,[b]

Donggun Eum,[c] Kisuk Kang,[c] and Yun-Sung Lee*[a]

Garnet-type solid electrolyte is a promising candidate for the
fabrication of high energy all-solid-state Li-ion batteries (AS-
SLIBs), but its use is hampered by a large interfacial resistance.
Herein, we propose a surface modification and subsequent
sintering to enhance the interfacial connection between the
cathode and the solid electrolyte. The ASSLIB prepared by this
method delivered an initial discharge capacity of ~66 mAhg� 1

(80 °C) at a rate of 0.1 C. However, the poor contact between
the cathode and electrolyte triggered the increase of the

interfacial resistance, which caused severe capacity decay upon
cycling. The encapsulation of LiCoO2 particles with LiBO2 using
a single-step sintering process dramatically increased the
interfacial contact, resulting in a higher discharge capacity of
116 mAhg� 1 with good cycling behavior. Therefore, surface
modification of the cathode offers a reduction of resistance and
promotes efficient Li-ion transfer pathways across the cathode/
solid-electrolyte interface.

1. Introduction

Over the last three decades, lithium-ion batteries (LIBs) have
gained immense attention because of their high energy density,
shape versatility, and long-cycle life compared to other
rechargeable systems, such as Pb-acid, Ni� Cd, and Ni� MH
among others. As a result, Li-ion power packs completely
conquered the portable devices and electronic gadget markets,
and have also been explored for application in zero-emission
transportation and grid storage.[1] However, the energy density
of LIBs is inferior to that of metallic Li because of the utilization
of graphitic anodes. In addition, the commercial liquid electro-
lyte faces issues like cell safety, toxicity, flammability, volatility,
formation of dendritic lithium at higher rates, and possible
electrolyte leakage.[2,3] The fabrication of LIBs with solid electro-
lytes instead of carbonate-based aprotic organic solvents is one
of the fascinating approaches to mitigate the aforesaid issues,
with the potential to be used at high temperatures (>50 °C).[4,5]

This has a potential impact on zero-emission transportation
applications, such as electric vehicles and hybrid electric
vehicles.

One of the pre-requisites for the development of Solid-state
L-ion Batteries is a highly ionically conductive solid electrolyte.
In addition, a good solid electrolyte requires the following
properties: (i) high ionic conductivity at ambient temperature,
(ii) low electronic conductivity, (iii) wide electrochemical
stability window, (iv) good chemical stability and compatibility
with the electrodes, (v) inexpensiveness, and (vi) eco-
friendliness.[1,2,6] Among solid electrolytes, significant preference
is given to oxide-based electrolytes, as they offer better
compatibility with the electrodes, stability in ambient condi-
tions, and higher reliability than other solid electrolytes (e.g.,
sulfide-based materials). Generally, oxide-based solid electro-
lytes are classified based on their crystal structure, namely
NASICON Li1.3Al0.3Ti1.7(PO4)3 (LATP), perovskite Li3xLa2/3-xTiO3

(LLTO), and garnet Li6.75La3Zr1.75X0.25O12 (LLZO) type
electrolytes.[7,8] Unfortunately, the titanium reduction (Ti4+)
against the Li metal anode eventually enhances the electronic
conductivity of the electrolyte material, which limits its
potential application as an electrolyte.[9]

Garnet-type electrolytes are a unique class of materials
owing to their super lithophilic nature towards metallic Li; the
electrolytes form a surface passivation layer when they come in
contact with the metallic substrate.[9–11] Moreover, Nb-LLZO
electrolytes have good chemical and thermal stability, and a
wide potential window, which is necessary for high-voltage
cathode materials.[12,13] Generally, garnet-type electrolytes exist
in two phases: cubic and tetragonal. The former exhibits
maximum ionic conductivity, whereas the later exhibits lower
ionic conductivity due to the ordered distribution of Li-ions. To
stabilize the cubic phase, structural modification is crucial; thus,
iso- and alio-valent doping are employed to improve the ionic
conductivity.[14–17] However, garnet-based electrolytes present a
serious high interfacial resistance problem, especially across the
electrode-electrolyte interfaces.[18] Nevertheless, thin-film proc-
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essing using pulsed laser deposition (PLD), aerogel methods,
and magnetron sputtering are efficient techniques that can
minimize resistance and, subsequently, attain a favorable
interfacial contact to fabricate high-performance SSLIBs.[19–25]

Unfortunately, the previously mentioned thin-film process-
ing techniques are expensive, and they have low energy density
due to a small amount of active mass loading. Therefore, these
techniques are not suitable for mass production, and an
efficient strategy is necessary for the fabrication of high-
performance ASSLIBs on a large scale.[6] In the traditional Li-ion
chemistry with liquid electrolyte, the electrodes are formulated
with conductive additive and adhesive binders like polyvinyli-
dene fluoride (PVDF). Such a direct slurry coating method is not
sufficient to enable a favorable interfacial contact between a
cathode and an electrolyte. Engineering the cathode surface is
one of the easiest and scalable approaches to overcome the
interfacial issues, which is appealing for the mass production of
cells. In this regard, a few researchers have recently attempted
to use Li3BO3 as a sintering additive to enable a favorable
interfacial contact during the high-temperature sintering proc-
ess. However, the specific capacity and cycle life of the ASSLIB
were poor because of low capacity utilization, cross-diffusion of
elements, and phase transformation.[6,26–31] In the case of sulfide-
based electrolytes, Li2SiO3, LiTaO3, Li4Ti5O12, Li3PO4, and LiNbO3

were employed as buffer layers to stabilize the interfacial
resistance.[32–38] However, the utilization of the buffer layer is
more complicated for oxide-based ceramic electrolytes.[6,9]

Further, several reasons were proposed for the larger charge-
transfer/interfacial resistance, e.g., lattice mismatch, space
charge layer formation, and inter-diffusion of elements.[39,40,41,32]

Therefore, interfacial engineering is strongly recommended as
an effective strategy to dilute the charge-transfer resistance
during the fabrication of the ASSLIB.[42,45–49]

In the present work, we investigated the use of LiBO2 as a
sintering aid to formulate the composite LiCoO2 cathode, to
facilitate the interfacial contact between the cathode and the
electrolyte in the ASSLIB. Li6.75La3Zr1.75Nb0.25O12 was used as a
solid-state electrolyte, and Li metal served as a counter
electrode. The ball milling procedure was used to encapsulate
the LiCoO2 particles with LiBO2. The LiBO2 modification in the
LCO particles not only enhance the ionic conductivity of the
cathode composite, but also improving the mechanical prop-
erty of the SSB. It should be noted that the LiBO2 layer between
the cathode particles will improves it contact during sintering,
which will help ensure the interconnectivity between cathode
particles that determines the electronic conductivity of the
electrode. It is worth mentioning that the SSLIB was tested in a
wider potential window than the routine window of 4.3 V vs. Li.
As expected, the LiBO2 modified LiCoO2-based ASSLIB exhibited
improved interfacial contact, which resulted in better electro-
chemical performance and cycle life. Our aim was to develop an
ASSLIB for high-temperature operation; therefore, the electro-
chemical studies were conducted only at a temperature of
80 °C.

Experimental Section
A traditional solid-state route was adopted to prepare the
Li6.75La3Zr1.75Nb0.25O12 electrolyte.[17] Briefly, LiOH ·H2O, La2O3, ZrO2,
and Nb2O5 precursors were ball milled for 24 h in ethanol solution
with 10% excess of LiOH ·H2O. After solvent evaporation, the
powder was calcined at 950 °C for 18 h in air. Then, the calcined
powder was wet ball milled for 24 h and dried. Finally, the garnet
powder was pressed into a pellet and subsequently sintered at
1050 °C for 12 h in an O2 atmosphere, covered by the mother
powder (calcined powder at 950 °C) to suppress the loss of lithium.
After the sintering process, the pellet was employed as a solid
electrolyte for further electrochemical studies. In this study,
commercial LiCoO2 powder was used as the cathode material.

Physical characterization

Powder X-ray diffraction (XRD; Cu Kα radiation, Rint 1000, Rigaku,
Japan) was performed to analyze the crystal structures of the
synthesized phase. Field emission scanning electron microscopy
(FE-SEM; S-4700, Hitachi, Japan) and high-resolution transmission
electron microscopy (HR-TEM; JEM-2000, EX-II, JEOL, Japan) coupled
with energy-dispersive X-ray spectroscopy (EDX) were used to
analyze the particle surface morphology, cross-sectional interface,
and elemental composition of the material.

Electrochemical Characterization

The A.C. (alternating current) impedance study was performed to
measure the ionic conductivity using a 4284 A Precision LCR Meter
between 1 MHz and 20 mHz with an applied voltage of 10 mV. The
electronic conductivities of Nb-LLZO at different temperatures were
measured by applying a 0.1 V DC voltage on the Pt/Nb-LLZO/Pt
cell. Prior to the impedance measurement, the LLZO pellet (10 mm
diameter, 0.1 mm thickness) was prepared, and Pt was coated on
both sides. The SSLIB was assembled using Nb-LLZO as the
electrolyte, LCO composite (LCoO2) as the cathode, and Li metal as
the anode. The LiCoO2 surface was homogeneously covered with
LiBO2 (Strem co. Ltd) by ball milling. The ratio of LiCoO2 to LiBO2

was fixed at 90 :10 weight ratio, and the LiBO2-coated LiCoO2 was
ball milled at 100 rpm for 1 h. For the formulation of the composite
cathode, LiCoO2, with or without the LiBO2 coating, and indium tin
oxide (ITO) were mixed in a weight ratio of 85 :10 :5 and addition-
ally mixed with an ethyl cellulose binder. The binder molecules
functional groups absorb onto the cathode particle surface by
chemical bonding, so the conductive network formed in the
cathode composite. Subsequently, it was mixed with N-Methyl-2-
pyrrolidone (NMP) to prepare the cathode slurry. The slurry was
drop-casted on the surface of the Nb-LLZO pellet (thickness of the
pellet=1 cm), and the solvent was removed by drying inside an Ar-
filled glove box. The casted pellet was subjected to heat treatment
at 700 °C for 1 h (Oxygen atmosphere) to enable better contact. Li
metal foil was attached to the other side of the pellet by heating at
200 °C for 30 min. All the electrochemical studies were performed
using a 2032 coin-cell at 80 °C. (Scheme 1) A Bio-logic (SP-150,
France) electrochemical workstation was used to analyze the cyclic
voltammetry (CV) and the electrochemical impedance spectro-
scopy. A Won-A-Tech battery tester (WBCS 3000, Korea) was used
to study the charge-discharge performance of the battery between
3–4.5 V vs. Li at 0.1 C rate (14 μA cm� 2). For further comparison, we
prepared a liquid cell consisting of LiCoO2 as the cathode and Li
metal as the anode, separated by a polypropylene separator with
1 M LiPF6 in ethylene carbonate: dimethyl carbonate (with 1 :1 v/v
ratio) as the electrolyte. The electrochemical performance of the
liquid cell was tested at 25 °C.
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2. Results and Discussion

The Figure 1 illustrates the Rietveld refinement XRD pattern of
the LCO+Nb-LLZO after sintering at 700 °C for 1 h.The
diffraction pattern of the interface well-matched with LiCoO2

and Nb-LLZO. This indicates that no impurity formation
between the LCO composite and the Nb-LLZO electrolyte
interface under this sintering condition. The obtained lattice
and other refined parameters have been summarized in
Table S1.

Figure S1a shows the XRD pattern of the synthesized Nb-
LLZO solid electrolyte. The obtained pattern shows well-defined
reflections corresponding to the cubic phase with the space
group of Ia-3d.[17] Further, it is observed that the XRD pattern
exhibits no additional peaks corresponding to the impurity
phases. The calculated lattice parameter value reveals the
formation of a cubic structure with a lattice constant of 12.99 Å.
Figure S1b shows well-defined XRD peaks representing the

hexagonal structure with the R-3 m space group of the
commercial LiCoO2 particles. The ionic conductivity of the
prepared Nb-LLZO solid electrolyte was calculated as 1.74×
10� 5 Scm� 1 and 2.72×10� 4 Scm� 1 at 25 °C and 80 °C, respec-
tively (Figure S1c). The ionic conductivity of the solid electrolyte
is slightly inferior (~1×10� 4 Scm� 1) compared to the literature,
which is mainly due to the low relative density of 74%. The
electronic conductivity of the prepared solid electrolyte was 1×
10� 8 Scm� 1 and 1.74×10� 6 S cm� 1at 25 °C and 80 °C. (Figure S1d)
The average particle size of the Nb-LLZO powder is in the range
of 1–5 μm, which is evident from the FE-SEM images (Figure S2).
The elemental distribution map obtained from the electrolyte
powder revealed that La3+, Zr4+, and Nb5+ were homogene-
ously distributed throughout the electrolyte.

Figure S6 shows the FE-SEM picture of the surface morphol-
ogy of the LiCoO2 particles. It is obvious that the primary LiCoO2

particle size is in the range of 1–5 μm. Furthermore, an attempt
was made to employ LiBO2 for modifying the LiCoO2 surface,
which is anticipated to alter the interface between electrode
and electrolyte. Figure 2 shows the TEM images of the surface
modified LiCoO2 powder. The LiBO2 is covering the surface of
the LiCoO2 particles, which is clear from the elemental
distribution of the particles (Figure 3). Figure 2c–e illustrates the
HR-TEM picture of the LiCoO2 cathode after LiBO2 modification.
We additionally provided the FESEM-EDS mapping and XPS
results for LiBO2 was coated on the surface of LCO particles.
[Figure S3–S5] Obviously, a layer has effectively covered the
surface of the LiCoO2 particles, which is associated to each
other, corresponding to the LiBO2 modification. The surface
modification increases the active region of the LiCoO2 particles
and is expected to enhance the electrochemical performance of
the SSLIBs. Noticeably, at high temperatures (700 °C), the LiBO2

Scheme 1. Typical schematic diagram for all-solid-state Li-ion batteries
(ASSLIBs).

Figure 1. The Rietveld refinement XRD result for LiCoO2+Nb-LLZO at 700 °C
for 1 hour (Rp=11.5%).

Figure 2. TEM images of LiBO2 coated LiCoO2 particles. a, b, c) TEM images,
d, e) HR-TEM images, and f) SAED pattern of the LiBO2 coated LiCoO2

particles.
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liquid phase occupy the void between the LiCoO2 particles
upon the fabrication of the cell.[30]

The cross-sectional image of the interface between the
LiCoO2 composite and the Nb-LLZO garnet solid electrolyte is
shown in Figures 4a and b. As mentioned earlier, the composite
cathode contains bare-LiCoO2 or LiBO2 coated LiCoO2, ITO, and
ethyl cellulose binder fabricated by slurry casting and subse-
quent sintering at 700 °C. The cathode composite thickness was
approximately 10–15 μm. Figure 4a revealed the inefficient
interfacial contact between the bare LiCoO2 composite and the
Nb-LLZO electrolyte due to poor wettability of the cathode

materials. In the case of the LiBO2 coated LiCoO2 cell sintered at
700 °C, the LiBO2 liquid phase filled the spaces/voids between
the LiCoO2 particles and the Nb-LLZO solid electrolyte.[26] The
cross-sectional image further confirmed that the cathode
composite and the solid electrolyte have a favorable interfacial
contact between them (Figure 4b). The elemental line map
shows a clear difference between the LiCoO2 composite
cathode and the Nb-LLZO solid electrolyte. Figure S7 revealed
the clear distribution of Co and La in the interface between the
LCO composite and the Nb-LLZO electrolyte. Only a trace
number of ions migrated because of high-temperature treat-
ment. Finally, it is worth mentioning the inevitable side reaction
between the cathode composite and the electrolyte at high
temperature with Co and La crossover.[28]

To utilize the full capacity of the LiCoO2 cathode, the cell
was tested at high voltage regime up to 4.5 V vs. Li. Figure 5a
illustrates the galvanostatic charge/discharge curve for the
ASSLIB up to 5 cycles at 80 °C and a current rate of 0.1 C (14 μA
cm� 2). The ASSLIB delivered the capacity of approximately 107
and 66 mAhg� 1, for 1st charge and discharge, respectively.
Apparently, the capacity decay is due to a lack of physical
contact in the solid-solid interface and the irreversible electro-
chemical reaction in the first charge-discharge process.[28] In
Figure 5b, the dQ/dV vs. potential curve of the ASSLIB revealed
the narrow oxidation and wide reduction peak upon the charge
and discharge process. The slow reaction kinetics across the
contact between the cathode particles and the Nb-LLZO
electrolyte system is the main reason for this observation. After
25 cycles, the SSLIB retained the discharge capacity of only
~19 mAhg� 1 with a retention of 29% (Figure 5c). As expected,
the ASSLIB rendered the coulombic efficiency of ~62% in the
first cycle. Nevertheless, the coulombic efficiency reached
>99% after the 3rd cycle. Afterwards, the charge and discharge
capacity remained roughly constant, which indicates the stable
interface formed in the ASSLIB (Figure 5c).[43,44] The prime reason
for the capacity decay in the ASSLIB was the formation of the
highly-resistive/robust space charge layer across the cathode/
electrolyte interface.[33] Generally, in a battery, the charge-

Figure 3. Elemental distribution mapping image of LiBO2 coated LiCoO2

particles. a) LiBO2� LCoO2 particle, b) cobalt, c) oxygen, and d) boron
elemental mapping images.

Figure 4. Cross-sectional image of the LiCoO2 composite and Nb-LLZO interface. a) Bare LiCoO2/Nb-LLZO interface, b) LiBO2 coated LiCoO2 composite and Nb-
LLZO interface.
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transfer resistance, Rct, is affected by the interfacial charge
distribution, which is important for the electrochemical per-
formance. For charging, the Li-ions are transferred from the
cathode to the electrolyte, and a Li depletion layer is formed in
the interface, which is attributed to the potential difference
between the cathode and the electrolyte causing a large
deviation in Rct.

[6,41] The value of Rct derived from the curve
(Figure 5d) is found to be 10.6 kΩ for the pristine LCO based
ASSLIB. The obtained Rct value was higher in the pristine
cathode because of the large polarization at the interface,
which eventually leads to a severe capacity decay. To mitigate
the aforesaid shortcomings, a suitable interface modification is
necessary to reduce the interfacial resistance between the
cathode and electrolyte.[36,38] For comparison, we added the
liquid cell results to the supporting information (Figure S8). The
cells provide good electrochemical performance, which indi-
cates the facile Li-ion transfer pathway in the pristine LiCoO2

composite because of the liquid-solid interface.
The electrochemical performance of LiBO2-coated LiCoO2 in

SSLIB was evaluated at 80 °C and given in Figure 6. Figures 6a
and 6c represent the typical galvanostatic charge-discharge
curve and coulombic efficiency profile of ASSLIB fabricated
using the surface-treated LiCoO2 powder. The surface-treated
LiCoO2 powder exhibited a high initial discharge capacity of

116 mAhg� 1, and the capacity remained as high as 64 mAhg� 1

after the 25th cycle with a corresponding capacity retention of
55%. Noticeably, the surface treatment has enhanced the
cycling performance of the battery. In Figure 6b, the dQ/dV vs.
potential (V) curve of the ASSLIB shows the prominent oxidation
and reduction peaks for the Li intercalation and deintercalation
of Li-ions from the LiCoO2 cathode.

[2,29] The surface-treated LCO-
based SSLIB displayed reduced polarization compared with its
pristine configuration. Rate Capability is a key factor for large-
scale application of LIB. Hence, the rate capability of the ASSLIBs
was studied in a voltage rang of 3–4.5 V at current densities of
0.05 C to 0.2 C rate as plotted in Figure S9. The bare LCO
displayed specific capacities of 103, 54 and 26 mAhg� 1 at
current densities of 0.05, 0.1 and 0.2 C respectively, whereas
LiBO2 coated LCO showed enhanced capacities of 140,100 and
48 mAhg� 1, respectively. The surface modification of the
cathode particles effectively connecting the active material at
high temperature helps to decrease the cell polarization and
increase the discharge capacity.[6,36,38] The impedance spectra
(Figure 6d) was used to calculate Rct. A semicircle in the medium
frequency region is ascribed to the charge-transfer resistance
across the electrode/electrolyte interface. The value of Rct
resulting from the curve was 3.1 kΩ for the cell with LiBO2-
coated LiCoO2 particles, which was much lower than that of the

Figure 5. Electrochemical performance of pristine LiCoO2-based ASSLIBs tested at 80 °C. a) Typical galvanostatic charge-discharge curves at 0.1 C, b) differential
capacity profile, c) cycling profile with columbic efficiency, and d) EIS curve.
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pristine LiCoO2 composite. Apparently, the dilution of Rct value
can be attributed to the surface modification of the active
material, thus leading to lower polarization in the interface
region.[6,38] Hence, the surface modification of LiCoO2 through
LiBO2 coating demonstrated to be an operative process to
enhance the electrochemical performance of ASSLIB in facets of
high reversible capacity and retention.

Our results were compared with previously reported Nb-
LLZO-based solid-state battery systems, as shown in Table S2.
The results demonstrated that our interface engineered cathode
composite system provided higher capacity than other reported
works. The reason for the capacity degradation in the electro-
chemical process was mainly associated with the mechanical
degradation of the interface due to the large volume change in
the LiCoO2 electrode particles (Figure S10 and S11).[31] We
anticipate the improvement of the mechanical strength and
cycle life of the battery by mixing electrolyte with the cathode
composite material.[29]

3. Conclusions

An all-solid-state Li-ion battery was successfully fabricated with
a Nb-LLZO electrolyte, LiCoO2 composite cathode, and Li metal
anode. The interfacial contact between the cathode active
material was increased by LiBO2 modification. The modified
cathode in the ASSLIB rendered a high initial discharge capacity
of 116 mAhg� 1 with 64% retention after 25 cycles at 80 °C. The
LiBO2 coating of the LiCoO2 powders decreased Rct, which
decreased the cell polarization, therefore providing enhanced
reversibility, capacity retention, and coulombic efficiency.
Further in-depth studies and optimization are necessary to
improve the capacity retention characteristics and to enable
operation at room temperature.
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