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SUMMARY

Although ceramic solid electrolytes, such as Li7La3Zr2O12 (LLZO), are promising
candidates to replace conventional liquid electrolytes for developing safe and
high-energy-density solid-state Li-metal batteries, the large interfacial resistance
between cathodes and ceramic solid electrolytes severely limits their practical
application. Here we developed an ionic liquid (IL)-containing while nonfluidic
quasi-solid-state LiCoO2 (LCO) composite cathode, which can maintain good con-
tact with an Al-doped LLZO (Al-LLZO) ceramic electrolyte. Accordingly the inter-
facial resistance between LCO and Al-LLZO was significantly decreased. Quasi-
solid-state LCO/Al-LLZO/Li cells demonstrated relatively high capacity retention
of about 80% after 100 cycles at 60�C. The capacity decay was mainly because of
the instability of the IL. Nevertheless, the IL-containing LCO cathode enabled the
use of Al-LLZO as a solid electrolyte in a simple and practical way. Identifying a
suitable IL is critical for the development of quasi-solid-state Li-metal batteries
with a ceramic solid electrolyte.

INTRODUCTION

Owing to the unmatchedenergydensity, rechargeable Li-ionbatteries havedominated the portable electronics

market for three decades since their first commercialization by Sony in 1991 (Yoshino, 2012). However, the

emerging electric vehicle (EV) industry is concerned withmaximizing the driving range and improving the safety

of the vehicles (VanNoorden, 2014; Cui, 2020) Advancedbatteries are not only critical for EVs but are also essen-

tial in integrating renewable energy resources, such as wind and solar energies, into the electric power grid to

supplement the growing energy demandworldwide. Because a Limetal anode has an ultrahigh theoretical spe-

cific capacity of 3860 mA h g�1, about 10 times higher than that of a graphite anode, and the most negative

redox potential of�3.04 V versus standard hydrogen electrode (SHE), Li-metal batteries have regained tremen-

dous interest recently as promising next-generation energy storage devices (Fang et al., 2019).

However, the practical use of Li metal anode is challenging because of uncontrollable Li dendrite growth and

severe side reactions between Li metal and conventional liquid electrolytes. Li metal was first reported to be

used as an anode material in the TiS2-Li rechargeable battery in 1976 by Stanley Whittingham (1976), but was

abandoned thereafter because of severe Li dendrite growth, which not only caused rapid capacity decay but

also posed an explosion hazard. Unlike liquid electrolytes, solid electrolytes have the potential to physically sup-

press the initiation and propagation of Li dendrite growth, because they have relatively high elastic and shear

moduli (Monroe and Newman, 2005; Yu et al., 2016; Krauskopf et al., 2020). Though many solid electrolytes

exhibit fast-ion conductivity (e.g., 10�3 S cm�1 at 25�C), few are stable against Li metal. The garnet-type solid

electrolyte, LLZO, is widely regarded as a promising solid electrolyte because of its high ionic conductivity

and high chemical stability against Li metal (Murugan et al., 2007; Zhao et al., 2019). Although sulfide solid elec-

trolytes, such as Li2S-P2S5, usually have higher ionic conductivities than LLZO, they must be handled in air-free

conditions because hydrolysis of sulfide electrolytes by water vapor in air generates smelly and toxic H2S gas

(Tatsumisago et al., 2013). In comparison, LLZO is relatively stable in air, odorless, and nonflammable.

Nonetheless, it is difficult to form good interfacial contact between LLZO and electrode materials because

high-temperature sintered LLZO is rigid and brittle (Vickers hardness:～6.3 GPa) (Yu et al., 2016; Famprikis

et al., 2019; Ni et al., 2012). This results in high interfacial resistance, preventing the practical use of LLZO as

a promising solid electrolyte (Kim et al., 2021; Wang et al., 2020a). A tremendous research effort has been

devoted to reducing the high interfacial resistance in solid-state Li metal batteries with an LLZO electrolyte.

For example, ultralow interfacial resistance, as low as 1 U cm2, could be achieved by introducing a thin Au,
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Ag, ZnO, or Al2O3 interlayer into the LLZO/Li interface (Han et al., 2017; Wakasugi et al., 2017; Tsai et al.,

2016; Feng et al., 2019; Wang et al., 2017). Good interfacial contact between LLZO and Li metal can also be

achieved by high pressure and heat treatment (Inada et al., 2018; Zheng et al., 2019; Wang et al., 2019)

because Li metal is soft and has a relatively low melting point of 180.5�C. In contrast, much less effort

has been devoted to reducing the interfacial resistance between LLZO and the cathode materials.

Although good interfacial bonding between LLZO and LCO could be achieved by co-sintering (Ohta

et al., 2014), LCO is likely to decompose at temperatures greater than 900�C (Cheng et al., 2017) and Li

loss and various side reactions are also likely to occur at high temperatures.

A convenient and effective way to construct a conformal interface for fast Li-ion transport is to introduce a small

amount of liquid electrolyte to wet the cathode/solid electrolyte interface (Cheng et al., 2020; Zhao et al., 2020).

Because room temperature ILs are highly conductive, thermally stable, almost nonvolatile, and nonflammable,

theyare ideal candidates forwetting the cathode/solidelectrolyte interface (Watanabeetal., 2017). For example,

LCO/Li cells with a quasi-solid-state IL-containing LLZOelectrolyte demonstrated a high initial discharge capac-

ity of 130mAhg�1 andhighcapacity retentionof 99%after 150 cycles (Kimetal., 2016).However, thequasi-solid-

state IL-containing LLZO electrolyte was fragile and difficult to handle. Similarly, an IL can be introduced into a

cathode to form a quasi-solid-state composite cathode. A conventional cathode slurry usually consists of an

active material (e.g., LCO), a polymer binder (e.g., polyvinylidene difluoride (PVDF)), a conductive agent (e.g.,

acetylene black (AB)), and a solvent (e.g., N-methyl-2-pyrrolidone (NMP)). After the evaporation of NMP, the

physical contact between an LCO cathode and an LLZO electrolyte would mainly be point-to-point contact,

as illustrated in Figure 1A. However, the cathode/solid electrolyte interface can be wetted by a small amount

of IL, which can be introduced into the cathode during slurry preparation (Figure 1B). Adding a small amount

of IL into the cathode slurry will only slightly change the rheological behavior of the cathode slurry, but without

changing the existing batterymanufacturing infrastructure. To our knowledge, fewworks have explored the po-

tential of an IL-containing composite cathode for developing solid-state Limetal batteries (Feng et al., 2019; Su-

gata et al., 2018; Huang et al., 2021; Liu et al., 2016).

Our research has attempted to address the primary challenge of the cathode/solid electrolyte interfacial

resistance in garnet-based solid-state Li-metal batteries. This paper presents an alternative strategy for

the reduction of the cathode/solid electrolyte interfacial resistance by developing an IL-containing

quasi-solid-state composite cathode. The introduction of an IL into the LCO cathode effectively reduced

Figure 1. Illustration of an LCO cathode with and without an IL

(A) without an IL, (B) with an IL. The LCO/LLZO interface is wetted by the IL.
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the LCO/Al-LLZO interfacial resistance. The effects of IL type and content on the electrochemical behavior

of the quasi-solid-state LCO cathode were systematically studied. We demonstrated that developing an IL-

containing cathode was a convenient and effective way to reduce the cathode/solid electrolyte interfacial

resistance, which is also highly compatible with the existing battery manufacturing process.

RESULTS AND DISCUSSION

Electrochemical properties of two selected ILs and the Al-LLZO pellet

Two types of ILs were used for developing the IL-containing quasi-solid-state composite LCO cathode.

One was a solvate IL, Li(G4)FSI, designated as GF, which was prepared by dissolving lithium bis(fluorosul-

fonyl)imide (LiFSI) in equimolar tetraethylene glycol dimethyl ether (G4) (Cheng et al., 2020; Tsuzuki et al.,

2015). Another one was a conventional IL, 1 mol dm�3 LiTFSI/EMI-TFSI, designated as ET, which was pre-

pared by dissolving lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) in 1-ethyl-3-methylimidazolium bis(tri-

fluoromethylsulfonyl)imide (EMI-TFSI). As shown in Figure 2, the electrochemical stability of GF, ET, and the

Al-LLZO pellet was studied by linear sweep voltammetry (LSV) and cyclic voltammetry (CV); the ionic con-

ductivity in the temperature range of 30–80�C was measured by electrochemical impedance spectroscopy

(EIS). An Au foil was used as the working electrode (WE) and a Li foil was used as the counter electrode (CE)

as well as the reference electrode (RE) for the LSV and CV measurements.

GF showed good anodic stability up to 4.5 V versus Li/Li+ because the anodic current was almost negligible

(less than 0.025 mA cm�2) at potentials below 4.5 V versus Li/Li+ (Figure 2A). The drastic increase of the cur-

rent density at potentials above 5.0 V versus Li/Li+ indicated strong oxidation of GF. As shown in Figure 2B,

no noticeable redox peaks are observed from the CV curves in the potential range of 2.8–4.8 V versus Li/Li+,

further proving that GF has a relatively wide electrochemical window. The ionic conductivity of GF was

2.1 3 10�3 S cm�1 at 30�C and 6.2 3 10�3 S cm�1 at 60�C. In general, the ionic conductivity of a liquid elec-

trolyte will decrease when its salt concentration is greater than 1mol dm�3 because of a rapid increase in its

viscosity (Yamada, 2020). It should be noted that the salt concentration in GF was as high as 4.5 mol dm�3.

As a comparison, the ionic conductivity of the commercial liquid electrolyte, 1 mol dm�3 LiPF6/EC: DMC

(v:v = 1:1), was about 1.13 10�2 S cm�1 at 30�C,much higher than that of GF. The temperature dependence

of the ionic conductivity was fitted with the Arrhenius equation:

sðTÞ = s0 exp½ � Ea = ðRTÞ� (Equation 1)

where s is the ionic conductivity, s0 is the pre-exponential factor (a constant with the same unit to s), T is the

absolute temperature, Ea is the activation energy and R is the universal gas constant. The activation energy

of GF was estimated to be 0.3 eV (Figure 2C).

On the other hand, a noticeable anodic current increase was observed in the LSV curve of ET at potentials

slightly above 4.0 V versus Li/Li+, and a sharp increase in the current density occurred at potentials above

5.0 V versus Li/Li+ (Figure 2D). In addition, broad reduction peaks were observed in the CV curves at po-

tentials slightly above 4.0 V versus Li/Li+ (Figure 2E). Thus, ET has a narrower electrochemical window

than GF. The ionic conductivity of ET was 5.0 3 10�3 S cm�1 at 30�C and 1.2 3 10�2 S cm�1 at 60�C. The
activation energy of ET was measured to be 0.25 eV (Figure 2F), lower than that of GF. Figure 2G shows

the LSV profile of a Li/Al-LLZO/Li symmetric cell in the potential range of 0–5.0 V versus Li/Li+. A thin Au

interlayer was introduced into the Li/Al-LLZO interface to reduce the interfacial resistance. Li stripping

occurred at 0.28 V versus Li/Li+ and no other oxidation peaks were observed up to 5.0 V versus Li/Li+.

The ionic conductivity of the Al-LLZO pellet was 3.6 3 10�4 S cm�1 at 30�C (Figure 2H) and 1.0 3 10�3 S

cm�1 at 60�C. The activation energy of the Al-LLZO pellet was 0.31 eV (Figure 2I), which was relatively

high because of the low relative density of the pellet (95%). The dependence of ionic conductivity of GF,

ET, and the Al-LLZO pellet as a function of temperature was presented in Tables S1–S3.

Improvement of interfacial contact between LCO and Al-LLZO by an IL

A conventional LCO cathode slurry was prepared bymixing an LCOpowder, an AB conductive agent, and a

PVDF powder in NMP. Either GF or ET was directly added into the conventional LCO slurry to make an IL-

containing composite LCO slurry. Figure 3A shows an optical image of the IL-containing composite LCO

cathode, which was directly cast onto the Al-LLZO pellet. The experimental procedure is shown in Fig-

ure S1. The composite LCO cathode is quasi-solid and shows no fluidity. A cross-sectional SEMmicrograph

of the composite cathode is shown in Figure 3B, where LCO particles are firmly embedded in a quasi-solid-

state matrix, consisting of GF, AB, and PVDF. In contrast, voids and cracks are observed at the LCO/matrix
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interface region in a conventional LCO cathode, as indicated by the arrowheads in Figure 3C. Figure 3D

presents a cross-sectional SEMmicrograph of the interface region between the quasi-solid-state LCO cath-

ode and the Al-LLZO pellet. The LCO cathode layer was about 30 mm in thickness and formed intimate con-

tact with the Al-LLZO pellet. Figure 3E presents a cross-sectional SEM micrograph of the interface region

between the conventional LCO cathode and the Al-LLZO pellet, where more voids are observed. Thus, the

introduction of an IL could not only reduce the interfacial resistance between LCO and Al-LLZO but could

Figure 2. Electrochemical properties of the two selected ILs and the Al-LLZO pellet

(A) Linear sweep voltammogram of GF, (B) Cyclic voltammogram of GF, (C) Arrhenius conductivity of GF, (D) Linear sweep voltammogram of ET, (E) Cyclic

voltammogram of ET, (F) Arrhenius conductivity of ET. An Au foil was used as the WE, and a Li foil was used as the CE as well as the RE. A highly porous

polyimide film (PI) was used as the separator. The scan rates for the LSV and CV measurements were 1 mV s�1, (G) Linear sweep voltammogram of a Li/Al-

LLZO/Li symmetric cell at a scan rate of 1 mVmin�1, (H) EIS spectrum of the Al-LLZO pellet at 30�C, (I) Arrhenius conductivity of the Al-LLZO pellet. All the CV

and LSV measurements were carried out at 30�C.
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also reduce the internal resistance of the LCO cathode. Moreover, an interaction between GF and LCOwas

proved by differential scanning calorimetry (DSC) (Figure S2).

Cycling performance of the GF-containing LCO cathode

The weight ratio of LCO: AB: PVDF: GF in the GF-containing LCO composite cathode was 92: 4: 4: x, where

x = 0, 5, 10, 20, or 50. The assembled coin cells were termed GF-0, GF-5, GF-10, GF-20, and GF-50, accord-

ingly. The IL contents in the quasi-solid-state LCO cathodes in terms of both weight and volume percent-

ages are listed in Table S4. All-solid-state LCO/Al-LLZO/Li batteries cannot be reversibly charged and

discharged, whereas quasi-solid-state LCO/Al-LLZO/Li batteries can. As shown in Figure 4A, the all-

solid-state LCO/Al-LLZO/Li cell (x = 0) reaches the cut-off voltage of 4.2 V in seconds and no discharge oc-

curs. This was very likely due to the large interfacial resistance between the conventional LCO cathode and

the Al-LLZO pellet, because the anode-side interfacial resistance between Al-LLZO and Li could be

reduced to as low as a few U cm2 by introducing a thin Au interlayer or by simply removing the common

LLZO surface contaminants, such as Li2CO3 (Wakasugi et al., 2017; Inada et al., 2018; Sharafi et al., 2017;

Yamada et al., 2020). To reduce the cathode-side interfacial resistance, the concept of an IL-containing

quasi-solid-state cathode is thus explored and the cell configuration is illustrated in Figure 4B. The GF-con-

taining (x = 5) quasi-solid-state LCO cathode can be reversibly charged and discharged (Figure 4C). The

initial discharge capacity was 81.6 mA h g�1, which decreased rapidly with cycling. Although the Coulombic

efficiency (CE) increased upon cycling (greater than 98% after the fifth cycle), the discharge capacity was

only 7.8 mA h g�1 after 50 cycles (Figure 4D). The initial discharge capacity increased to 132.2 mA h g�1

at x = 10 (Figure 4E), which was likely because of a further reduced interfacial resistance at the cathode

side. Similar to the case of x = 5, although the average CE was greater than 98%, the discharge capacity

decreased quickly and was only 5.9 mA h g�1 after 50 cycles (Figure 4F). At x = 50, the cyclability increased

significantly (Figure 4G) and an average CE greater than 99% was maintained after 100 cycles (Figure 4H).

However, it should be noted that the initial discharge capacity was relatively low (92.4 mA h g�1) and it

degraded rapidly after 50 cycles. This was probably due to the thermal instability of GF because it was elec-

trochemically stable up to 4.5 V versus Li/Li+. Besides, although the solid-state LCO/Al-LLZO interface

could be fully wetted by excessive IL, electron transport would be blocked to some extent, because the

ILs were usually electrically insulating. In addition, particle agglomeration was also likely to occur, which

further reduced the utilization of LCO.

Composition analysis of GF after prolonged cycling at 60�C
One major reason for the degradation of GF cells was likely because of the thermal instability of GF. This

was evidenced by the discoloration of GF after prolonged cycling at 60�C. Pristine GF was a transparent

liquid; however, it changed to a yellowish gel after cycling (insets in Figure 5). Fourier transform infrared

spectroscopy (FTIR) was used to analyze the composition change of GF after cycling at 60�C.

Figure 3. Optical and SEM images of the quasi-solid-state and a conventional LCO cathodes

(A) Image of the quasi-solid-state LCO cathode, where GF was 9.1 wt%, (B) Cross-sectional SEMmicrograph of the quasi-solid-state LCO cathode, (C) Cross-

sectional SEM micrograph of a conventional LCO cathode (without IL), (D) SEM micrograph of the interface region between the quasi-solid-state LCO

cathode and the Al-LLZO pellet, (E) SEM micrograph of the interface region between the conventional LCO cathode and the Al-LLZO pellet. All the cross-

sections were prepared by focused ion beam (FIB) milling.
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Almost all the vibrational modes identified in the transmission FTIR spectrum of pristine GF are present in

the spectrum of cycled GF (Figure 5). For example, the strongest band at around 1185 cm�1 is assigned to

the stretching mode of the SO2 unit. In addition, some new features were observed, which were likely

related to the decomposition products of GF. The additional bands at about 3350 and 1600 cm�1 were as-

signed to water, which was probably introduced during cathode preparation. The additional bands at

about 3140, 1140, 790, and 660 cm�1 were assigned to CH, SO2, SF, and SNS units, respectively (Kerner

et al., 2016). Because GF was electrochemically stable up to 4.5 V versus Li/Li+ (Figure 2A), it was probably

thermally decomposed during the prolonged cycling at 60�C. The thermal decomposition temperature of

LiFSI (salt in GF) was 66.9�C (Kubota et al., 2008), only slightly higher than the cell cycling temperature. As a

Figure 4. Electrochemical behavior of quasi-solid-state LCO/Al-LLZO/Li cells with different GF contents

(A–H) (A) x = 0 (all-solid-state), (B) Illustration of the configuration of the quasi-solid-state LCO/Al-LLZO/Li cell, (C and D)

Electrochemical behavior of cell GF 5 (x = 5), (E and F) Electrochemical behavior of cell GF 10 (x = 10), and (G and H)

Electrochemical behavior of cell GF 50 (x = 50). The C-rate is 0.025C and the cycling temperature is 60�C.
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result, the cell internal temperature could exceed the thermal decomposition temperature of LiFSI during

the prolonged cycling test because of heat accumulation.

Cycling performance of the ET-containing LCO cathode

Theperformanceof thequasi-solid-stateLCOcathodewasnotonlydependenton the ILcontentbut alsodepen-

dent on the IL type. Figure 6 shows the galvanostatic cycling results of the ET-containing quasi-solid-state LCO/

Al-LLZO/Li cells. The weight ratio of LCO: AB: PVDF: ET in the ET-containing LCO cathode was also 92: 4: 4: x,

while where x= 4.3, 8.5, 12.8, 17, or 21.3. Similarly, the assembled coin cells were termedET-4.3, ET-8.5, ET-12.8,

ET-17, andET-21.3, accordingly.When x=4.3, the initial discharge capacitywas 72.1mAhg�1, which decreased

rapidly to30.8mAhg�1 after 20 cycles, andwasonly 10.5mAhg�1 after 100 cycles (Figure 6A). However, a stable

CEof about 100%wasmaintainedafter 100 cycles (Figure 6B). Thedischarge capacity improved significantlywith

increasing IL content.When x=8.5, the initial discharge capacity reached135.5mAhg�1. However, it decreased

quickly to 111.7mAhg�1 after the first 10 cycles andwas 100.7mAhg�1 after 100 cycles (Figure 6C). A highCEof

about 100% forover 100 cycleswas also achievedat x=8.5 (Figure6D). The cyclabilitywas further improvedatx=

12.8 (Figure 6E). The discharge capacity was greater than 108.9 mA h g�1 after 100 cycles and the CE increased

uponcyclingand reachedabout 100%after 20 cycles (Figure6F). In addition, theoverpotential of thequasi-solid-

state LCO/Al-LLZO/Li cell decreasedwith increasing IL content when x% 12.8. Further increasing the IL content

resulted in a decrease in the cell performance. As shown in Figure 6G (x= 17), the discharge capacity decreased

continuously from an initial value of 129.3 to 68.1 mA h g�1 after 100 cycles, although the CEwas reached about

100% after 20 cycles (Figure 6H).

The adverse effect of excessive IL became more apparent when x = 21.3 (Figure 6I). The discharge capacity

decreased rapidly from an initial value of 124.1 mA h g�1 to only 19.0 mA h g�1 after 100 cycles. Significant

fluctuations of the CE were also observed (Figure 6J). Moreover, the cell overpotential increased with

increasing IL content when x R 12.8. As discussed above for the case of GF, excessive IL could block elec-

tron transport and cause particle agglomeration in the quasi-solid-state LCO cathode. Nonetheless, the

ET-containing LCO cathode showed a much better cycling performance than the GF-containing LCO cath-

ode, probably because ET had both higher thermal stability and higher ionic conductivity than GF.

Figure 5. FTIR analysis of the composition change of GF after cycling

The insets are optical images of GF before (transparent) and after (yellowish) prolonged cycling at 60�C.
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Figure 6. Electrochemical behavior of quasi-solid-state LCO/Al-LLZO/Li cells with different ET contents

(A–J) (A and B) ET 4.3 (x = 4.3), (C and D) ET 8.5 (x = 8.5), (E and F) ET 12.8 (x = 12.8), (G and H) ET 17 (x = 17), and (I and J) ET

21.3 (x = 21.3). The C-rate is 0.025C and the cycling temperature is 60�C.
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EIS analysis of the quasi-solid-state LCO/Al-LLZO/Li cell

To better understand the effect of the IL on the performance of the quasi-solid-state LCO/Al-LLZO/Li

cell, EIS analysis was carried out (Figure 7). Each spectrum generally consists of two semicircles, a smaller

one in the high-frequency region (R1 MHz) (not readily visible), corresponding to the resistance of Al-

LLZO (RLLZO, including both the grain boundary resistance Rgb and the bulk resistance Rb), and a larger

one in the low-frequency region (<1 MHz), corresponding to the charge transfer resistance Rct. For the

GF-containing LCO/Al-LLZO/Li cells, the overall resistance (Roverall) decreased significantly from about

1660 U cm2 at x = 5 to about 320 U cm2 at x = 50 (Figure 7A). The area-specific resistance (ASR) was

defined as,

Figure 7. Impedance evolution of quasi-solid-state LCO/Al-LLZO/Li cells at 60�C as functions of IL type, IL

content, and cycle number

(A) EIS spectra of the GF-containing LCO/Al-LLZO/Li cell after three cycles, (B) EIS spectra of the GF-containing LCO/Al-

LLZO/Li cell after 50 cycles, (C) EIS spectra of the ET-containing LCO/Al-LLZO/Li cell after three cycles, (D) EIS spectra of

the ET-containing LCO/Al-LLZO/Li cell after 50 cycles, (E) Rct of the GF-containing LCO/Al-LLZO/Li cell and (F) Rct of the

ET-containing LCO/Al-LLZO/Li cell.
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ASR = A3R

where A is the effective current collecting area and R is the measured resistance. As a comparison, the Ro-

verall of the all-solid-state LCO/Al-LLZO/Li cell was measured to be higher than 500,000 U cm2. Considering

that the anode-side interfacial resistance between Al-LLZO and Li was only about a few to several hundred

U cm2 (Tsai et al., 2016; Inada et al., 2018; Sharafi et al., 2017; Taylor et al., 2018), the Rct was therefore domi-

nated by the cathode-side interfacial resistance between LCO and Al-LLZO. After 50 cycles, a substantial

increase in Roverall from about 750 to 2230 U cm2 was observed for x = 10. In comparison, there was almost

no change in Roverall for x= 5 and x= 50 (Figures 7A and 7B), probably because GFwas either too little (x= 5)

or too much (x = 50) in the composite LCO cathode.

The EIS spectra of the ET-containing LCO/Al-LLZO/Li cells are shown in Figures 7C and 7D. The Roverall was

about 830 U cm2 at x = 4.3, which decreased to about 560 U cm2 at x = 12.8. However, the Roverall increased

slightly with further increasing the ET content (Figure 7C). After 100 cycles, the Roverall increased noticeably

for all cells (Figure 7D). The evolution of the Roverall was correlated well with the cell performance (Figure 6).

The EIS data were analogized with a simplified equivalent circuit (inset in Figure 7D), where Rct represented

the sum of the interfacial resistance from both the cathode and anode sides.

As plotted in Figures 7E and 7F, Rct of the GF cell is in the range of 600–1000U cm2 before cycling, while that

of the ET cells is in the range of 120–250U cm2. After cycling, the Rct increased significantly in almost all the

cases, irrespective of the IL type and content, indicating that decomposition of the ILs or interfacial side

reactions should have occurred. Nevertheless, ET was shown to be more suitable than GF for preparing

the IL-containing quasi-solid-state LCO cathode. As a result, more detailed research was conducted on

the stability analysis of the Al-LLZO pellet and the LCO active material against ET.

Stability study of Al-LLZO against ET by XPS

Because the IL-containing LCO cathode/Al-LLZO pellet interface could be divided into two distinct solid/liquid

interfaces, i.e., LCO/IL and IL/Al-LLZO, the stability of the cathode-side interfaces was thus dependent on the

stability of LCO and Al-LLZO against the IL. Figure 8 shows the X-ray photoelectron spectroscopy (XPS) analysis

results of Al-LLZO in different conditions: as-polished (pristine), soaked in a 1 mol dm�3 LiPF6/EC: DMC (v: v =

1:1) (LP30) electrolyte for 200 h, soaked in ET for 200 h, and galvanostatically cycled for 100 cycles at 60�C.
Adventitious carbon (centered at 248.8 eV inC 1s) and carbonate (289. 7 eV inC 1s) wereobservedon the surface

of the Al-LLZOpellet which was polished in anAr-filled glove box. As reportedpreviously, surface contaminants,

such as Li2CO3, would occur even in an Ar atmosphere (Yamada et al., 2020). Apparent enrichment in C-O spe-

cies (286.5 eV inC 1s) indicated that a reactionbetweenAl-LLZOand LP30 occurred, whichwas also observedby

Liu et al. (2020). On the other hand, almost no carbonate signal was observed in both the C 1s and O 1s spectra

(Figure S3) of the ET-soaked Al-LLZO pellet, and the amount of the C-O species was relatively low, suggesting

that Al-LLZOwas relatively stable against ET. However, the presence of carbon (248.8 eV inC 1s) on the Al-LLZO

surface increased significantly after 100 cycles at 60�C, probably because of the electrochemical decomposition

of ET or reactions between Al-LLZO and ET.

Stability study of LCO against ET by TEM

The stability of LCO against ET was investigated using TEM. As shown in Figure 9A, the pristine LCO

particle has a crystalline appearance, which is revealed by the high-resolution TEM image shown in Fig-

ure 9B. The well-defined layered structure with an interplanar spacing of about 0.23 nm is indexed to be

the (006) crystal plane of LCO. No additional or amorphous surface layer is observed. A TEM micrograph

of the quasi-solid-state composite LCO cathode before cycling is shown in Figure 9C, where the LCO

particles are embedded in a PVDF polymer matrix with a brighter contrast. An enlargement of the boxed

area without PVDF is shown in Figure 9D, where an amorphous cathode electrolyte interphase (CEI) layer

about 17.5 nm in thickness is observed, suggesting that reactions occurred at the IL/LCO interface.

Cracking of cycled LCO particles was observed (Figure 9E), indicating that stress build-up in the

quasi-solid-state battery was severe during prolonged cycling. A high-resolution TEM image of the

boxed area without any PVDF is shown in Figure 9F, where the thickness of the CEI layer has increased

significantly from about 17.5 to 43.5 nm. The continuous growth of the CEI layer would lead to the

increase of Rct. In addition, the outermost part of the CEI layer (about 8.9 nm thick) with a darker

contrast showed a more crystalline structure, which was likely related to the transfer of heavy elements,

such as Co.
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Figure 8. XPS analysis of the surface chemistry (C 1s) of the Al-LLZO pellet in different conditions

As-polished (pristine), soaked in 1 mol dm�3 LiPF6/EC-DMC (v:v = 1:1) (LP30) for 200 h, soaked in ET for 200 h, and

galvanostatically cycled for 100 cycles at 60�C.
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Components of the CEI layer analyzed by XPS

To understand the reasons for the continuous growth of the CEI layer formed on the LCO surface, XPS analysis

was carried out. As shown in Figure 10, the appearance of the peak assigned to CoOx at 530.3 eV suggests the

decomposition of LCO (Dahéron et al., 2008). The appearance of the peak assigned to the Li-F bond at 686.0 eV

suggests the decomposition of the LiTFSI salt in ET (Jafta et al., 2019). In addition, carbonaceous species, such

Figure 9. Bright-field TEM micrographs of the LCO active material

(A–F) (A and B) Pristine LCO powder, (C and D) ET-containing quasi-solid-state LCO cathode before cycling, (E and F) ET-

containing quasi-solid-state LCO cathode after 100 cycles at 60�C. The inset in (B) is a fast Fourier transform (FFT) pattern

of the high-resolution TEM image
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as C-C and C-H, were identified in the CEI layer. Thus, the CEI layer on LCO consisted of both inorganic and

organic compounds that were likely the decomposition products of LCO and ET.

Failure mechanisms of the quasi-solid-state LCO/Al-LLZO/Li cell

Failure mechanisms of the quasi-solid-state LCO/Al-LLZO/Li cell are illustrated in Figure 11. First of all, GF

was thermally decomposed after prolonged cycling at 60�C, as indicated by the FTIR analysis, although it

was electrochemically stable up to 4.5 V versus Li/Li+. On the other hand, ET became electrochemically

oxidized at potentials slightly above 4.0 V versus Li/Li+, as evidenced by the LSV and CV analysis. The in-

stabilities of the ILs were considered to be the main reasons for the decay of the quasi-solid-state Li metal

batteries. In addition, GF might dissociate or desolvate because of the nanoconfinement effects from the

nanoporous carbon black and the chain-like PVDF binder (Figures 11B and 11C) (Borghi et al., 2021; Cheng

et al., 2022). Because the interaction between the tetraglyme and Li+ ion was relatively weak, the chelate

complex was intrinsically unstable (Mandai et al., 2014). Cracking of LCO particles was revealed by TEM

analysis, which was likely because of stress accumulation in the quasi-solid-state battery and fatigue of

LCO during prolonged cycling (Figure 11D). As illustrated in Figure 11E, particle agglomeration in ET

was also confirmed by dynamic light scattering (DLS) analysis (Figure S4). This decreased the utilization

of the cathode active material. The continuous growth of the CEI layer on LCO was another reason for

the gradual decay of the cell capacity (Figure 11F). The EIS, XPS, and TEM analysis confirmed the growth

of the CEI layer with cycling, which was likely related to the reactions between ET and LCO. Meanwhile, the

reaction between LLZO and ET was indicated by XPS analysis. Possible reactions between Li metal and the

ILs could also be one of the reasons for the capacity decay of the IL-containing LCO/Al-LLZO/Li battery

(Figure 11G). Similarly, reactions between the ILs and the Al current collector, i.e., corrosion (Ma et al.,

2017), would occur (Figure 11H). Broad redox peaks were observed in the CV profiles of GF when an Al

foil was used as the working electrode (Figure S5), likely because of the corrosion of Al in GF. The charge

transfer pathway between LCO and the Al current collector would be blocked to some extent when the IL

was excessive, because the electron-conductive carbon black particles could be isolated by the excessive

IL, which was electronically insulating (Figure 11I).

Figure 10. XPS analysis of the components of the CEI layer formed on LCO surface in different conditions

Soaked in ET for 200 h and Cycled at 60�C for 100 cycles.
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Despite the shortcomings of the quasi-solid-state composite LCO cathode, there are strategies to improve

its performance. First, the search for a more suitable IL is essential. Second, coating the cathode active ma-

terial and the solid electrolyte with a Li-ion conductive material, such as LiNbO3 or LiTaO3, can be a feasible

way to improve their stability in the ILs (Wang et al., 2020b).

CONCLUSION

This paper presents an alternative strategy for reducing the interfacial resistance issue between cathodes

and solid electrolytes by developing an IL-containing composite cathode. An IL-containing and nonfluidic

LCO composite cathode was developed and the LCO/Al-LLZO interfacial resistance was reduced signifi-

cantly from more than 500,000 to about 100 U cm2. The optimal content of the IL in the quasi-solid-state

composite LCO cathode was found to be about 11 wt%. Quasi-solid-state LCO/Al-LLZO/Li cells achieved

relatively high capacity retention of about 80% after 100 cycles at 60�C. The cell capacity decay was mainly

because of the thermal or electrochemical instability of the IL. There were also stability issues of LCO and

Al-LLZO against the IL. Thus, the search for a suitable IL is critical for the further development and matu-

ration of the garnet-based quasi-solid-state Li metal batteries.

Limitations of the study

The two ionic liquids (ILs) used in this study, i.e., the solvate equimolar Li(G4)FSI and the conventional 1 mol

dm�3 LiTFSI/EMI-TFSI, are either thermally unstable above 60�C or become electrochemically oxidized at

Figure 11. Illustration of failure mechanisms of the quasi-solid-state LCO cathode

(A–I) (A) Thermal decomposition or electron-oxidation of the ILs, (B and C) Dissociation or desolvation of GF in carbon black and PVDF binder, (D) Cracking of

LCO caused by stress accumulation and fatigue, (E) Agglomeration of LCO (or AB) particles, (F) Growth of the CEI layer on LCO because of reactions

between LCO and the IL, (G) Possible reaction between Li metal and the ILs, (H) Corrosion of Al current collector in the ILs and (I) Blocking of electron

transport by excessive IL.
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potentials above 4.0 V versus Li/Li+. In addition, it should be noted that the viscosities of the two ILs at room

temperature are relatively high. Thus, identifying a suitable IL is critical for the further development of the

quasi-solid-state composite LiCoO2 cathode. In addition, the relative density of the Al-doped LLZO pellet

is relatively low, about 95%, because it was prepared by pressureless sintering. Better battery performance

is expected if a denser or a Ta-doped LLZO pellet (with a higher ionic conductivity) is used.
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d No custom code was used. This is an experimental study of garnet-based quasi-solid-state Li metal bat-

teries.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Preparation of Al-doped LLZO pellets

Al-doped LLZO powder was prepared by a solid-state reaction method (Kotobuki et al., 2011). LiOH$H2O,

La(OH)3 andZrO2powdersweremixedbyplanetaryball-millingandwerecalcinedat 900�C for 15 h.Aftermixing

withag-Al2O3powder, thecalcinedpowderwaspelletizedandsinteredat900�Cfor3hand thenat1200�Cfor24

h. The molar ratio of the starting materials of LiOH$H2O, La(OH)3, ZrO2, and g-Al2O3 was 6.9: 3.0 : 2.0: 0.125.

Fabrication of quasi-solid-state LCO/Al-LLZO/Li coin cells

The IL-containing LCO slurries were cast onto the cylinder-shaped Al-LLZO pellets (12 mm in diameter and

1 mm in thickness) and then dried at 80�C in vacuum for 12 h. The loading of the active material was about

6.0 mg cm�2. Another base of the pellet was coated with a thin gold layer, which would alloy with Li metal at

heating (80�C) to reduce the anode-side interfacial resistance. The quasi-solid-state LCO/Al-LLZO/Au tri-

layered structure was paired with a Li foil to make a full cell. All the CR2032-type coin cells were assembled

in an Ar-filled glove box.

Materials characterization

The crystal structure of the high-temperature sintered Al-LLZO pellet was analyzed by X-ray diffraction

(XRD, Rigaku SmartLab) (Figure S6). Micro-sized pores were observed on the cross-sectional surface of

the Al-LLZO pellet (Figure S7). The relative density of the Al-LLZO pellet was about 95%. Cross-sections

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals and reagents

Zirconium dioxide Tosoh Corp. CAS# 1314-23-4

Gamma alumina Kojundo Chemical Laboratory Co., Ltd. CAS# 1344-28-1

Lithium hydroxide monohydrate Kojundo Chemical Laboratory Co., Ltd. CAS# 1310-66-3

Lanthanum hydroxide Kojundo Chemical Laboratory Co., Ltd. CAS#1312-81-8

Lithium cobalt oxide MTI Materials Pvt. Ltd CAS#12190-79-3

Lithium foil Honjo Metal Co., Ltd CAS# 7439-93-2

Tetraethylene glycol dimethyl ether Kishida Chemical Co., Ltd. CAS# 143-24-8

1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide Kishida Chemical Co., Ltd. CAS# 174899-82-2

Lithium bis(fluorosulfonyl)imide Kishida Chemical Co., Ltd. CAS# 171611-11-3

Lithium bis(trifluoroethanesulfonyl)imide Kishida Chemical Co., Ltd. CAS# 90076-65-6

ll
OPEN ACCESS

iScience 25, 103896, March 18, 2022 17

iScience
Article

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

mailto:kanamura@tmu.ac.jp


of the Al-LLZO/LCO bilayer structure were prepared with focused ion beam (FIB) milling and were analyzed

using a scanning electron microscope (SEM, JSM-6490A). The particle size in the LCO slurry was measured

by dynamic light scattering (DLS, Partica mini LA-350). Morphological evolution of the LCO surface was

studied using an analytical scanning transmission electron microscope (STEM, JEM-ARM200F). Transmis-

sion and attenuated total reflection (ATR) Fourier transform infrared spectroscopy (FTIR) was used to

analyze the composition change of the IL after cycling at 60�C. The surface chemistry of Al-LLZO was

analyzed with an X-ray photoelectron spectrometer (XPS, PHI 5000 VersaProbe II).

Electrochemical measurements

AC electrochemical impedance spectroscopy was performed in the frequency range from 3 MHz to 0.1 Hz

at 60�C (EIS, Biologic SP-300). The amplitude of the perturbation was 10 mV. Galvanostatic cycling of the

quasi-solid-state LCO/Al-LLZO/Li cell was carried out at 60�Cwith a constant current density of 20 mA cm�2,

corresponding to 1/40C (0.025C). The cut-off voltage range was 3.0–4.2 V.

ll
OPEN ACCESS

18 iScience 25, 103896, March 18, 2022

iScience
Article

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp


	Ionic liquid-containing cathodes empowering ceramic solid electrolytes
	Introduction
	Results and discussion
	Electrochemical properties of two selected ILs and the Al-LLZO pellet
	Improvement of interfacial contact between LCO and Al-LLZO by an IL
	Cycling performance of the GF-containing LCO cathode
	Composition analysis of GF after prolonged cycling at 60°C
	Cycling performance of the ET-containing LCO cathode
	EIS analysis of the quasi-solid-state LCO/Al-LLZO/Li cell
	Stability study of Al-LLZO against ET by XPS
	Stability study of LCO against ET by TEM
	Components of the CEI layer analyzed by XPS
	Failure mechanisms of the quasi-solid-state LCO/Al-LLZO/Li cell

	Conclusion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Preparation of Al-doped LLZO pellets
	Fabrication of quasi-solid-state LCO/Al-LLZO/Li coin cells
	Materials characterization
	Electrochemical measurements






