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H I G H L I G H T S

• LLZNO nanoparticles coated LiCoO2

cathodes are synthesized by a sol-gel
method.

• 3D ionic/electronic conducting net-
works inside the cathodes are con-
structed.

• A reactive intermediate layer of PP13-
TFSI is introduced in cathode/garnet
interface.

• A solid electrolyte interphase com-
posed of LiF, Li3N, Li2S and Li2O is in
situ formed.
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A B S T R A C T

The garnet solid electrolyte battery confronts crucial challenges of electronic/ionic conduction inside the
cathode and interfacial contact between the cathode and the electrolyte. In this report, a super ion/electron
conductive LiCoO2 (LCO) material is fabricated by partially coating nano Li6.375La3Zr1.375Nb0.625O12 (LLZNO)
electrolyte on LCO and then filling Super P carbons into the uncoated space. This configuration offers continuous
ionically and electronically conducting networks inside the LCO cathode. In addition, an intermediate layer of N-
Methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl)imide (PP13-TFSI) is introduced in between the
composite cathode and the garnet electrolyte to form a solid-state ionically conducting interphase during
charge/discharge cycles. Through the above interfacial engineering, the solid garnet batteries based on LiCoO2

run as long as 400 cycles with the capacity retention of 80.2% at 0.2 C and 60 °C.

1. Introduction

The solid-sate battery becomes a rising star due to its potential in
breakthrough of the energy-density limit facing by the currently com-
mercial liquid organic lithium-ion battery [1–6]. In addition, it also
avoids the safety concern on using nonflammable solid electrolytes

[7–10]. However, replacement of the liquid electrolyte by the solid
electrolyte also causes crucial interfacial challenges [11–16]. On the
cathode side, unlike the liquid electrolyte that can maintain good
contact to the porous cathode, the solid contact between the solid
electrolyte, carbon, and the cathode will gradually lose due to the vo-
lume change of the cathodes, increasing the ionic and electronic
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resistance in the cathodes and reducing the capacity with charge/dis-
charge cycles [17,18]. In addition, the intimate contact between the
cathode and the solid electrolyte is also required in order to promote
ion transport and thus reduce the interfacial resistance [19].

So far, many efforts have been devoted to enhance the interfacial
contact in composite cathodes of solid garnet batteries. Han et al. [20]
sintered Li2CO3 coated LiCoO2 and LLZO together with the assistance of
Li2.3C0.7B0.3O3 solder, realizing enhanced cathode-electrolyte inter-
faces. However, the sintered interfaces are rigid, which are difficult to
stand large volume variation especially in the case of long-life cycling.
Coating of cathodes by ionically conductive layers including less rigid
Li1+xAlxTi2-x(PO4)3 [21,22] or flexible polymers [23,24] offers stable
contacts between active materials and electrolytes. However, con-
tinuous coating of electrolyte layers may block electronic transports.
The polymers tend to decompose when charge potential is over 4 V.
Furthermore, the lack of effective method to maintain good contact
between the cathode and the electrolyte hinders the cycle stability of
solid garnet batteries.

In this work, the micro-sized LCO particles was coated by
Li6.375La3Zr1.375Nb0.625O12 (LLZNO) electrolyte nanoparticles (abbre-
viated as LCO@LLZNO, Fig. 1a). The coverage of LLZNO nanoparticle is
controlled by the amount of LLZNO. Then Super P (SP) was filled into
the uncovered spaces between LLZNO nanoparticles to form three di-
mensional (3D) ionically and electronically conducting networks after
assembling into LCO cathodes (Fig. 1b and c). In addition, N-Methyl-N-
propylpiperidinium bis(trifluoromethanesulfonyl)imide (PP13-TFSI)
ionic liquid (IL) was introduced in between the cathode and the elec-
trolyte to reduce the contact resistance (Fig. 1d) because the IL has
good thermal stability, nonflammable, nonvolatile properties [25–28],
and may be decomposed into solid electrolyte interphase (SEI) con-
sisting of LiF, Li3N, Li2S and Li2O during charge/discharge cycles
[29,30]. The SEI layer can reduce the interfacial resistance and improve
the cycle stability of solid batteries. Consequently, the solid-state Li/
LCO batteries with 3D ionically and electronically conducting cathodes
and in situ formed SEI between cathodes and electrolytes significantly
enhance the cell electrochemical performance.

2. Materials and methods

2.1. Materials synthesis

The LLZNO coated LiCoO2 (LCO@LLZNO) was synthesized by a
facile one-step sol-gel process. The raw cathode material LiCoO2 pur-
chased from Aladdin Reagent was used without further purification.

Stoichiometric LiNO3 (Aladdin Reagent, 99.9%, 10% excess was added
to compensate for Li loss), La(NO3)3⋅6H2O (Aladdin Reagent, 99.9%),
ZrOCl2⋅8H2O (Aladdin Reagent, 99.99%) and NbCl5 (Aladdin Reagent,
99.9%) were completely dissolved in sufficient deionized water under
vigorous stirring. Citric acid monohydrate was then added, the amount
of which was twice the total moles of cations in the precursor solution.
Magnetic stirring was applied at 50 °C for 4 h until a transparent sol was
formed. Afterwards, LiCoO2 powder was immersed in a certain amount
of sol (2 wt% LLZNO) followed by stirring at 50 °C for 4 h. The solvent
was then gradually evaporated at 80 °C and a viscous gel was obtained.
The gel containing LiCoO2 cathode powder was then completely dried
at 100 °C for 4 h in an oven. Subsequently, the obtained powder was
calcined at 850 °C for 6 h at a muffle furnace, followed by naturally
cooling to room temperature to acquire the final LCO@LLZNO. Fig. 1a
schematically presents the synthesis process of sol-gel processed LCO@
LLZNO cathode.

The garnet-type Li6.4La3Zr1.4Ta0.6O12 (LLZTO) solid electrolyte
pellet was prepared by combination of solid-state reaction process and
hot-pressing sintering as described in our previous reports [31]. Typi-
cally, stoichiometric LiOH⋅H2O (Aladdin Reagent, 99.995%, 15% ex-
cess), La(OH)3 (Aladdin Reagent, 99.95%), ZrO2 (Aladdin Reagent,
99.99%) and Ta2O5 (Aladdin Reagent, 99.95%) were mixed and ball-
milled followed by calcined at air atmosphere at 950 °C for 12 h to form
cubic LLZTO powder. Afterwards, the powder underwent hot-pressing
sintering in a carbon die at 1150 °C for 1 h at 20 MPa under Ar at-
mosphere. The obtained LLZTO ceramic block was finally processed
into pellets with 12 mm in diameter and 1 mm in thickness for later use.

2.2. Materials characterization

The phase structures were detected by X-ray diffraction (XRD) using
a high-resolution Bruker D8 discover diffractometer equipped with Cu
Kα1 radiation (λ = 1.5406 Å). The compositions and morphologies
were characterized by a JEM-2100F transmission electron microscopy
(TEM), and a Hitachi S-4800 scanning electron microscope (SEM) at-
tached with an energy dispersive spectrometer (EDS) and a scanning
transmission electron microscopy (STEM). The X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Fisher Scientific
ESCAlab 250 spectrometer, and etching was carried out on sample
surface by Ar ion beam operating at 2 kV and 1 μA for 10 s.

2.3. Electrochemical measurements and batteries assembly

The ionic conductivity of the LLZTO pellet was determined by a

Fig. 1. Schematics of (a) synthesis process of LCO@LLZNO, (b) cathode slurry preparation, (c) cathode electrode preparation by blade casting, and (d) adding PP13-
TFSI at cathode-electrolyte interface.
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Princeton electrochemical workstation at a frequency range from
7 MHz to 0.1 Hz and a temperature range from 30 to 80 °C with Ag
symmetric blocking electrodes. The uniformly mixed cathode slurry of
90 wt% hybrid active material, 5 wt% Super P and 5 wt% PVDF binder
in N-methylpyrrolidone (NMP) solvent was casted onto current col-
lector Al foil (Fig. 1b and c). Then the electrode was completely dried at
100 °C in a vacuum oven for 12 h. The active cathode mass loading was
~2 and ~5.2 mg cm−2. The Swagelok-type cell made up of a LCO@
LLZNO cathode, a LLZTO solid electrolyte pellet and a Li foil anode was
assembled in an Ar-filled glove box (Mikrouna) with O2 and H2O con-
tents below 0.1 ppm. Firstly, the LLZTO pellet was polished by SiC
sandpapers (successively from 500, 800 to 1000 mesh), and mirror-
polished using a diamond polishing slurry (5 and 1 μm). Then, the Li
foil was scraped by a scalpel until the bright surface appeared. The
bright Li foil was tightly pressed on the polished LLZTO pellet. The
LLZTO pellet attached with Li foil was further heated at 180 °C to obtain
the good contact between LLZTO pellet and Li foil, followed by cooling
to the room temperature for later investigation. Finally, only 1 μL cm−2

N-Methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl)imide
(PP13-TFSI) ionic liquid was introduced to the interface between the
cathode and the LLZTO electrolyte (Fig. 1d). The cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) measurements
were carried out using a Princeton electrochemical workstation. Gal-
vanostatic charge-discharge tests were performed using a Land
CT2001A cycler within the potential range of 3.0–4.05 V vs Li+/Li. C-
rate values were calculated regarding 115 mAh g−1 as the theoretical
capacity for LiCoO2 cathode materials [20,32]. All the measurements
were carried out at 60 °C.

3. Results and discussion

3.1. Structure and morphology of LCO@LLZNO

Fig. 2a schematically shows that LLZNO nanoparticles are anchored
on LCO surface through one-step sol-gel process. X-ray diffraction
(XRD) pattern of LLZNO powders that were synthesized using the

identical sol-gel method without LCO in precursor is shown in Fig. 2b.
All peaks in Fig. 2b are well indexed to cubic garnet phase, indicating
that the sol-gel synthesized LLZNO has cubic LLZO structure. Dark-field
scanning transmission electron microscopy (STEM) is performed to
verify the successful introduction of LLZNO nanocoating (2 wt%) on
LCO surface (Fig. 2c). EDS mapping under bright-field STEM mode
(Fig. 2d and e) suggests that La, Zr and Nb elements are uniformly
distributed on LCO surface. Transmission electron microscopy (TEM)
image of LCO@LLZNO (Fig. 2f) reveals that LLZNO coating is com-
prised of small LLZNO nanoparticles with 40–60 nm in size. Formation
of ionically conducting networks between LCO particles through in-
troducing cross-linked LLZNO nano-islands is further detected by STEM
(Fig. 2g). Since the LLZO and the LCO can be stable up to 900 °C for
more than 10 h [33], the sol-gel processed LLZNO coating on LCO does
not affect the hexagonal structure of LCO as demonstrated by XRD scan
of LCO@LLZNO (Fig. S1). The clear lattice fringes of 0.32 nm in HR-
TEM image for the decoration of LLZNO (Fig. 2h) are well matched with
(4 0 0) crystal planes of cubic LLZO, which is consistent with XRD result
in Fig. 2b. Such ionically conducting LLZNO coating also reserves
spaces for electronic conductive additives. By filling SP into the spaces
between LLZNO nanoparticles, SP and LLZNO are homogeneously dis-
tributed on LCO surface, and thus cross-linked networks with both high
ionic and electronic conduction are built inside the composite cathodes,
which are confirmed by the scanning electron microscopy (SEM) and
EDS mapping (Figs. S2 and S3).

3.2. Electrochemical performance of solid garnet batteries

LCO or LCO@LLZNO cathodes were prepared by casting slurry
consisting of 90 wt% LCO (or LCO@LLZNO), 5 wt% SP and 5 wt%
PVDF binder in N-methylpyrrolidone (NMP) solvent onto Al current
collector. The Swagelok-type full cell with a LCO@LLZNO cathode, a
LLZTO solid electrolyte pellet and a Li foil anode was assembled in an
Ar-filled glove box. 1 μL cm−2 PP13-TFSI was added between the
cathode and the LLZTO electrolyte as an intermediate layer (Fig. S5a).
The characterization of LLZTO solid electrolyte is presented in Fig. S4.

Fig. 2. (a) Schematic structure of LCO@LLZNO. (b) XRD pattern of Li6.375La3Zr1.375Nb0.625O12. (c) Dark-field and (d) bright-field STEM images of LCO@LLZNO. (e)
Elemental mapping in area of (d). (f) TEM and (g) STEM images of LCO@LLZNO. (h) HR-TEM image of LLZNO nanocoating.
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Fig. S4a shows the XRD patterns of as-prepared LLZTO powder and hot-
pressing sintered LLZTO pellet. It can be clearly seen that the diffraction
lines of both LLZTO powder and pellet can be well indexed to a stan-
dard cubic garnet phase (JCPDS No. 45-0109), indicating the pure cubic
garnet structure of LLZTO solid electrolyte. The ionic conductivity of
the LLZTO pellet was measured at a temperature range from 30 to 80 °C
and the corresponding Nyquist curves are shown in Fig. S4b. The ionic
conductivity of the LLZTO pellet is calculated to be 1.15 × 10−3 S
cm−1 at 30 °C, and the activation energy Ea is estimated to be 0.27 eV
by the fitted Arrhenius plot in Fig. S4c. The electrochemical impedance
spectroscopy (EIS) of LCO||Li and LCO@LLZNO||Li cells were further
measured (Fig. S5b and c). The interfacial resistance of LCO@
LLZNO||Li cell is 1014 Ω cm2 at room temperature, which is much
lower than that (1781 Ω cm2) of LCO||Li cell. At 60 °C, the interfacial
resistance of LCO@LLZNO||Li cell further reduces to 174 Ω cm2. This
can be explained by the good contact between cathodes and electrolytes
and 3D ionic/electronic conductive networks in LCO cathode.

Cyclic voltammetry (CV) curve of LCO@LLZNO||Li cell at
0.05 mV s−1 in Fig. 3a shows an obvious oxidation peak of ~3.99 V and
reduction peak of ~3.83 V, corresponding to the reversible Li+ de-in-
tercalation and intercalation. By contrast, the LCO||Li cell presents
redox peaks at ~4.03 and ~3.81 V, demonstrating a larger potential
polarization due to the higher-resistance cathode-electrolyte interface.
The first charge and discharge capacities of LCO@LLZNO||Li cell are
109.7 and 106.1 mAh g−1, respectively, while the values for LCO||Li
cell are only 94.3 and 89.6 mAh g−1 (Fig. 3b). The high capacity for
LCO@LLZNO||Li cells is attributed to the 3D cross-linked ionic/elec-
tronic conductive networks in the LCO cathode and the good contact
between the cathode and the solid electrolyte, significantly facilitating
the Li+ transport. In addition, LCO@LLZNO||Li cell also maintains a
stable charge-discharge behavior with a quite small polarization during
cycles (Fig. 3c) and a high capacity retention of 80.2% (85.1 mAh g−1)
after 400 cycles (Fig. 3d). However, the LCO||Li cell shows a rapid
capacity decline within 30 cycles (Fig. S6a). EIS at different cycles
(Fig. 3e) indicate that the interfacial resistance of LCO@LLZNO||Li cell
slightly increases from initial 174 to 382 Ω cm2 after 400 cycles.
However, the interfacial resistance of uncoated LCO||Li cell sharply
increases from 306 to 1376 Ω cm2 after 30 cycles (Fig. S6b). In addition
to high cycle stability, The LCO@LLZNO||Li cell also shows high rate
capability (Fig. 3f) with a low polarization even at a high rate of 1C,
while the LCO||Li cell shows a much large overpotential at 1 C (Fig. S7).

LCO@LLZNO||Li cell maintains a discharge capacity of 70.1 mAh g−1

even subjected to 1 C, which is 64.5% of the discharge capacity at 0.1 C
(108.6 mAh g−1), while LCO||Li cell delivers a much smaller discharge
capacity of 36.0 mAh g−1 at 1 C, only 38.9% of the value at 0.1 C (92.6
mAh g−1). The LLZNO coating significantly improves cycle and rate
performance, which is attributed to the ionically and electronically
conducting networks, and thus the reduced cathode-electrolyte inter-
facial resistance.

3.3. Mechanism analysis of the interface engineering

X-ray photoelectron spectroscopy (XPS) measurement was taken to
analyze the decomposition of PP13-TFSI on LLZTO ctrolyte surface. For
noncycled PP13-TFSI, the peak at 688.2 eV is assigned to –CF3 group of
TFSI− (Fig. 4a). The appearance of LiF at 684.5 eV is observed after
cycling due to the TFSI− decomposition. The peaks at 402.0 and
399.0 eV in pristine N 1s spectrum stand for N in PP13+ cation and
TFSI− anion (labeled as Ncation and Nanion, Fig. 4b). After cycling, the
peaks for Ncation and Nanion are shifted to 401.6 and 398.3 eV, along
with the decreased peak intensity ratio of Ncation to Nanion and the in-
creased full width at half maximum of Nanion peak, indicating that
TFSI− degrades and forms Li3N whose characteristic peak is centered at
396.2 eV [29]. In the case of S 2p spectra (Fig. 4c), the peaks at 169.4
and 168.3 eV are related to –SO2– group in TFSI−. The evolution of
–SO2– group into polyoxysulfones, polysulfides and Li2S species during
cycling is detected, which is evident from the emerging peaks at 166.8,
162.6 and 161.2–159.0 eV. As for O 1s spectra (Fig. 4d), besides the
peak at 532.1 eV for pristine –SO2– group in TFSI−, two new peaks at
530.9 and 527.8 eV occur after cycling, which are stemmed from de-
composing product Li2O. From XPS study, the decomposition of TFSI−

anion into inorganic products including LiF, Li3N, Li2S and Li2O is
observed, in situ generating a solid-state ionically conducting inter-
phase at the cathode-electrolyte interface upon cycling. On the basis of
previous literatures [29,34,35], we propose a stepwise decomposition
mechanism of TFSI− during charge/discharge as follows:

[(SO2CF3)2N]−(TFSI−) + nLi+ + ne− →
Li2S2O4 + Li3N + LiF + C2FxLiy (1)

Li2S2O4 + 4Li+ + 4e− → Li2SO3 + Li2S + Li2O (2)

Li2SO3 + 6Li+ + 6e− → Li2S + 3Li2O (3)

Fig. 3. (a) CV curves of LCO and LCO@LLZNO based batteries. (b) The first charge-discharge curves for two batteries at 0.2 C. (c) Charge-discharge profiles of LCO@
LLZNO based battery at 0.2 C. (d) Capacity of LCO@LLZNO based battery during cycling. (e) Nyquist plots of LCO@LLZNO based battery during cycling. (f) Rate
performance for two batteries. All the measurements were taken at 60 °C.

Z. Bi, et al. Chemical Engineering Journal 387 (2020) 124089

4



Constructing such an ionic conductive SEI layer can not only
strengthen the physical solid-solid contact, but also reduce the inter-
facial resistance and improve the cycle stability of solid batteries [36].

The conventional cathode comprised of active material, electronic
conductive additive and PVDF binder is directly coupled with a garnet
electrolyte (Fig. 5a). Due to poor solid-solid contacts, fluent Li+ flux is
severely inhibited in such cathodes and cathode-electrolyte interfaces,
leading to performance degradation [37–39]. Adding PP13-TFSI can
reduce the interfacial resistance by constructing an intimate contact
between the cathode and the electrolyte (Fig. 5b) [40,41]. In addition,
PP13-TFSI can decompose and cause the formation of an ionically
conducting interphase by constructing a reactive immediate layer,
which facilitates Li+ transport and stabilizes cathode-electrolyte in-
terface. We further coat the cathode with garnet-typed LLZNO nano-
particles to improve Li+ transport inside the cathode, forming ionically
and electronically conducting networks by cooperating with SP
(Fig. 5c). All these interfacial engineering techniques enable the long-
life solid garnet batteries. Compared with the rigid sintered interfaces
[20,33] or liquid electrolyte modified interfaces [26], at least three
benefits can be achieved by adopting the interface engineering strategy
presented here: (i) Mixed ionic/electronic conducting networks inside
the composite cathode to ensure the optimized cathode capacity; (ii)
The in situ formed SEI layer to maintain the good contact between the
cathode and the electrolyte during cycles by using the soft PP13-TFSI

ionic liquid; (iii) The high safety for solid garnet batteries due to the
nonflammable feature of PP13-TFSI ionic liquid.

In addition, the applicable solid batteries need to achieve the
breakthrough of energy density to realize commercialization generally
by increasing mass loading of cathode materials and use of lighter
flexible electrolyte membranes. A preliminary exploration of enlarging
cathode mass loading to ~5.2 mg cm−2 was taken, and satisfactory
results are obtained as presented in Fig. S8 by adopting our interface
engineering. Besides, such strategy can be easily extended to electrolyte
membranes when the suitable soft and reactive intermediate layer be-
tween cathodes and membranes is found out according to the con-
stitution of electrolyte membranes.

4. Conclusion

In conclusion, the 3D cross-linked network with ionic and electronic
conduction is constructed inside the composite cathode, and reactive
intermediate layer of PP13-TFSI is introduced at the cathode-electrolyte
interface. A solid-state ionically conducting interphase is formed by
decomposition of anion part in PP13-TFSI, verified by XPS results,
which improves the cycle stability of solid garnet batteries. The inter-
face engineering of cathode coating and reactive immediate layer
construction is effective to reinforce the cathode-electrolyte interface
and feasible to applicable solid batteries.

Fig. 4. (a) F 1s, (b) N 1s, (c) S 2p, and (d) O 1s XPS spectra of PP13-TFSI before cycling; LCO-LLZTO and LCO@LLZNO-LLZTO interfaces after cycling.

Fig. 5. (a) Illustration of conventional cathode-electrolyte interface. (b) Adding PP13-TFSI at cathode-electrolyte interface. (c) Constructing island-like LLZNO coated
cathode, and adding PP13-TFSI at cathode-electrolyte interface.
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