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Introduction

The organic liquid electrolytes used in conventional
lithium-ion batteries have problems such as
flammability, prone to leakage, and high voltage
intolerance [1]. All-solid-state lithium metal batteries
based on solid electrolytes can solve these problems,
because solid electrolytes are essentially safer, but
can also increase the operating voltage of the batteries
[2-4]. Moreover, their high hardness can also block
the growth of lithium dendprites, which is helpful for
the application of lithium metal anodes, thereby
simultaneously improving battery safety and energy
density [5]. Currently, ceramic-based solid elec-
trolytes are considered good candidates to replace
organic liquid electrolytes. Examples of ceramic-
based solid electrolytes include perovskites (e.g.,
LiyLaz/3-,/3Ti03), NASICON (e.g., Lij3AlysTi;z
(POy)3, Lij,AlLGer(POy)3), thio-LISICON (e.g., Lijo.
GeP,S15), halide electrolytes (e.g., LizYCls), cubic
garnet-type LiyLaszZr,O;, (LLZO), and their variants
[6-9]. Among these, Ta-doped garnet LiyLazZr,O;
(LLZTO) has received widespread attention due to its
high room-temperature lithium-ion conductivity
>10x10° S cm ™Y, high lithium-ion transfer
number (~ 1), and high oxidation stability (> 5 V vs
Li/Li"), as well as good chemical/electrochemical
stability to lithium metal [10-14].

Nevertheless, the performances of all-solid-state
lithium metal batteries based on LLZTO have been
inhibited by high interface impedances [15-17]. The
interface contacts between the stiff solid electrolyte
and the solid electrode can be categorized as insuf-
ficient point contacts at the micro-level, and since
solid electrolytes cannot immerse into and “wet” the
electrode as effectively as liquid electrolytes, this led
to difficulties in Li* transport inside the electrode
(especially the cathode) and across the interface
between the electrode and the solid electrolyte
[18-20]. Moreover, studies have shown that garnet-
type solid electrolytes, such as LLZTO, were prone to
form Li,CO3 or LiOH with low Li* conductivity and
lithiophobicity on the surface when encountering
CO, or H,O in the air, which increased the interface
impedance [21-25]. There are many methods to
improve the interface between the lithium metal
anode and LLZTO solid electrolyte [15]. For example,
the wettability between the lithium metal anode and
the LLZTO interface can be significantly improved by
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using heat (> 700 °C) or acid treatments to obtain a
clean LLZTO surface. Thin-film processing or chem-
ical reactions can also be used to form ion/electron/
ion—electron hybrid conductors (such as Al,O5;, ZnO,,
Mg, Sn, LisN + Cu) as an artificial interlayer on the
LLZTO surface, thereby reducing the interface
impedance between the lithium metal anode and the
LLZTO solid electrolyte [26-31].

However, the cathode/LLZTO interface impe-
dance still does not have a good solution because
both the cathode and the cathode/LLZTO interface
require fast ion and/or electron conduction channels.
Conventional methods include adding a layer of
flexible polymer electrolyte or a small amount of
liquid electrolyte at the interface. The low ionic con-
ductivity of the former makes it difficult for operation
at room temperature, while the latter sacrifices bat-
tery safety and is not suitable for large-scale appli-
cations [32-34]. By constructing a porous
LLZO/dense LLZO double-layer electrolyte struc-
ture and adding LisTisOs,, LLZO, C, and
poly(vinylidene fluoride) (PVdF) to the porous LLZO
layer, this can help increase Li* transport at the Liy.
Ti5012/LLZO interface, but there has been no report
on the electrochemical performance of the solid-state
batteries at room temperature [35]. Although the
LiCoO,/LLZO interface impedance was reduced by
co-firing LiCoO,, LLZO, LizBOs, or Li; 3C7Bo 303 at
high temperatures (> 700 °C), the battery capacity
was small at room temperature (~ 94 mAh g~") [36].
At the same time, the intercalation and de-intercala-
tion of Li" caused the volume of the cathode to
change, and the cycle performance declined. There-
fore, it is still challenging to address the issue using a
facile method under mild conditions.

In our previous research, to build a mixed ion-
electron conduction channel in the cathode, “Poly-
mer-in-salt” electrolyte was used as a binder and
Ketjen Black carbon as a conductive agent in a
LiFePO, cathode to reduce the composite cathode/
LLZTO solid electrolyte interface impedance by
increasing the concentration of lithium salt [37]. The
LiFePO,-based, all-solid-state lithium metal batteries
had excellent performance at 60 °C but still did not
work at room temperature. Herein, a simple and
moderate-temperature (100 °C) formation method
has been developed, namely, charging and dis-
charging the solid batteries once at 100 °C, which was
similar to the formation process of liquid lithium-ion
batteries. As a result, the room-temperature
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performances (25 °C) of all-solid-state lithium metal
batteries were significantly improved, and the dis-
charge capacity at 0.05 C was increased to 120 mAh
g~ ! with little reduction after 100 cycles.

Experimental

Synthesis of the garnet-type solid
electrolytes

The garnet-structured LigsLazZr; 4TagsO12 (LLZTO)
ceramic electrolyte powders were synthesized using
a conventional solid-state reaction method and sin-
tered to form dense ceramics by hot-pressing tech-
nology. More details about the LLZTO synthesis and
characterizations can be found in our previous work
[37]. Then, LLZTO ceramics were processed into
ceramic membranes with a thickness of 0.1 cm and a
diameter of 1 cm. The LLZTO membranes were
stored in an Ar-filled glove box with oxygen and
moisture levels below 0.1 ppm.

Preparation of the composite cathodes
and assembly of the solid-state batteries

Composite cathodes consisted of poly(vinylidene
fluoride) (PVdF) (Alfa Aesar), Li(CF350,), N (LiTFSI)
(99.95%, Sigma-Aldrich), Ketjen Black (KB, Alfa
Aesar) and home-made carbon-coated LiFePO,
(LFP). The PVdF polymers were dissolved in
N-methyl-2 pyrrolidone (NMP, Alfa Aesar) and stir-
red for 24 h, which were followed by additions of
LiTFSI, LFP, and KB in an agate mortar and ground
for 1 h. The LiTFSI was pre-baked at 80 °C in a vac-
uum for 48 h. The obtained slurries were blade
coated on one side of the LLZTO ceramic membrane,
then dried in an oven at 80 °C for 2 h to remove
NMP. After being pressed with a stainless-steel plate,
the cathodes were dried in a vacuum oven at 80 °C
for an additional 12 h to remove the trace amounts of
NMP and moisture. The typical mass of each cathode
was approximately 2 mg. The weight ratios between
LFP, LiTFSI, KB, PVAF were fixed at 50:35:10:5
according to the optimum ratio. Li foil was attached
on the other side of the LLZTO ceramic membrane
using high pressure in the Ar-filled glove box.
Finally, each laminated, all-solid-state, lithium metal
battery (LFP cathode/LLZTO/Li) was assembled in a
Swagelok-type cell. Stainless-steel (SS) foils were
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chosen as current collectors, instead of Al foils, to
avoid the reaction between Al and the PVdF: LiTFSI.
The Li/LLZTO/Li and SS/LFP cathode/SS sym-
metrical batteries were also assembled in a similar
method.

Characterization and electrochemical
measurements

The cross-sectional morphologies of the LLZTO
ceramic electrolyte/ LFP cathode interface were
determined using a scanning electron microscope
(SEM, FEI Magellan 400). The surface structure of
LLZTO ceramic membranes and pure Li;CO; sam-
ples were characterized by Fourier transform infrared
spectrum (FTIR, Tenser 27, Bruker). Galvanostatic
charging and discharging behaviors of the LFP
cathode/LLZTO/Li batteries were investigated using
an Arbin BT-2000 battery tester with the potential
ranging from 4.0 to 2.76 V at 25 °C. Three pre-treat-
ment processes were performed on the batteries
before testing: (1) Rested at room temperature
(~ 25 °C) for 6 h, (2) Heated at 100 °C in a ther-
mostatic oven for 6 h, and then rested at 25 °C for
6 h, (3) Heated at 100 °C in a thermostatic oven for
6 h, then charged and discharged once at 100 °C and
0.1 C, and finally rested at 25 °C for 6 h. The current
density was normalized to the mass of LFP as well as
the area of the electrode, i.e.: 1 C being 170 mA g~ ' or
200 mA cm ™2 The cycle and rate performance were
tested after the process of (3). Electrochemical impe-
dance spectroscopy (EIS) measurements were per-
formed using a frequency range of 1 MHz to 0.1 Hz
with a 10 mV amplitude using an Autolab instru-
ment at either 25 or 100 °C.

Results and discussion

The schematic illustration of the LFP cathode/
LLZTO/Li battery is shown in Fig. la. The LFP
cathodes consisted of LiFePO, (active material),
PVdEF: LiTFSI (polymer electrolyte), and C (conduct-
ing additive). Figure 1b shows that the interface
between the LFP cathode and the LLZTO ceramic
solid electrolyte was closely contacted with the help
of the PVAF: LiTFSI. This contact led to solid batteries
exhibited excellent electrochemical performance at 60
°C and 100 °C [37].

@ Springer



1274

Figure 1 (a) Schematic (a)
illustration of the all-solid-

state lithium metal battery
(LFP cathode/LLZTO/Li);

(b) SEM image of the
interface contact zone between
the LFP cathode and the
LLZTO ceramic solid
electrolyte.
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Figure 2 The first charge/discharge curve of LFP cathode/
LLZTO/Li batteries under different conditions at 25 °C and 0.05
C, including the pristine state, after heating at 100 °C, and after
formation at 100 °C.

Figure 2 compares the first charge/discharge
curves of the all-solid-state lithium metal batteries
under different conditions at 25 °C and 0.05 C. The
charge/discharge polarization was very large in the
pristine state as the all-solid-state lithium metal bat-
teries were assembled and rested at room tempera-
ture (25 °C). The batteries cannot be charged or
discharged normally, and the charge/discharge
capacities were both almost 0. Since heating can
improve the interface contact of solid-state batteries
and may reduce the interface impedance, pristine
batteries were heated at 100 °C for 6 h, then cooled
down at 25°C, and then charged/discharged at
25 °C. The all-solid-state lithium metal batteries can
be charged/discharged at this time, but the polar-
ization was still large, and the charge/discharge
capacity did not exceed 40 mAh g, which was far
less from the theoretical capacity of LiFePO,
(170 mAh g~'). Finally, pristine batteries were
charged and discharged once at 100 °C, then cooled
down to 25°C, and then charged and discharged
again at 25 °C. It was surprising that the charge/
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LFP+PVdF+LiTFSI+C

LLZTO ceramic

discharge capacities of the all-solid-state lithium
metal batteries were substantially improved. The
charge/discharge capacities were 123 and 120 mAh
g, respectively. The Coulombic efficiency was
97.6%, and the total over-potential was only 0.23 V
(Fig. 2). The first charge/discharge cycle at a mod-
erate temperature of 100 °C activated the battery at
25 °C, which was very similar to the formation pro-
cess of the commercial liquid lithium-ion batteries
[38]. After the commercial liquid lithium-ion batteries
were prepared, they must be charged and activated
with a small current before they can operate nor-
mally. During this formation process, lithium ions in
the cathode de-intercalate and move into the graphite
anode. The organic solvents (such as ethylene car-
bonate (EC), dimethyl carbonate (DMC)) and/or
additives (such as vinylene carbonate (VC), fluo-
roethylene carbonate (FEC)) in the liquid electrolytes
decomposed on the surface of the graphite anode. At
the same time, a robust solid electrolyte interface
(SED) film was formed at the electrolyte/anode
interface to improve the cycle and rate performance
of the lithium-ion batteries [39-41]. Therefore, the
first charge/discharge of the all-solid-state lithium
metal batteries at 100 °C was denoted as moderate-
temperature formation, which will activate the all-
solid-state batteries at 25 °C.

Figure 3a shows the cycle performance of LFP
cathode/LLZTO/Li batteries at 25 °C after moderate-
temperature formation at 100 °C. After 100 cycles at
0.05 C, the capacity attenuation was small. The
capacity fluctuation was due to temperature fluctua-
tion, and the Coulombic efficiency was close to 99%.
Although the capacity was lower than at 60 °C, the
cycle performance was close, which suggested
stable interfaces between the electrodes (cathode or
anode) and the LLZTO solid electrolyte. The rate
performance at 25 °C after moderate-temperature
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formation was shown in Fig. 3b. The discharge
capacities of 0.1 C, 0.2 C, and 0.5 C were 117, 102,
49 mAh g, respectively. This meant that the per-
formance of 0.1 C was close to the performance at
0.05 C, but the charge/discharge capacity under high
current (0.5 C) sharply decreased. Meanwhile, the
charge/discharge polarization noticeably increased,
and the total over-potential at 0.5 C was about 1 V.
Previous studies have indicated that increasing the
working temperature of solid-state lithium metal
batteries can improve their performance because high
temperatures can reduce the interface impedance and
improve the transport kinetics of both Li* and e [42].
As shown in Fig. 4a, the first discharge capacity of
LFP cathode/LLZTO/Li batteries at 100 °C and 0.1 C
was 138 mAh g~!, much larger than at 25 °C (Fig. 2).
The reason was that the total impedance of the bat-
teries at 100 °C was much smaller than at 25 °C
(pristine state), reducing by more than two orders of
magnitude, shown in Fig. 4b. However, surprisingly,
the charging curve had a very flat slope when the
voltage was higher than 3.8 V vs. Li/Li*, which was
different from the redox platform of LiFePO, (3.4 V
vs. Li/Li"), resulting in a charging capacity

Specific capacity / mAh g

significantly higher than the discharge capacity.
When the voltage reached 4.0 V, the first charging
capacity reached 281 mAh g~ ' with a large irre-
versible capacity (143 mAh g™'), and the first
Coulombic efficiency was lower than 50%. This situ-
ation was similar to the formation of an SEI film on
the anode side, due to the decomposition of the
electrolyte during the formation process of the liquid
lithium-ion batteries, but there is a big difference. In
the all-solid-state lithium metal batteries, the side
reactions mainly take place on the cathode side. Our
previous research on carbon electrodes has shown
that KB and LiTFSI have side reactions at 60 °C and
voltages above 4 V vs. Li/ Lit, leading to the accu-
mulation of Li,COs in the cathode and an increase in
the total impedance of LiNi;,3Coq,3Mn; /3 cathode/
LLZTO/Li batteries [43]. On the contrary, at the
higher temperature of 100 °C, both the Li,CO; on the
surface of LLZTO ceramic membranes, which is
confirmed by FTIR for LLZTO even stored in glove
box (shown in Fig. 5) and the Li,CO; by-product
(shown in Ref [43]) formed due to side reactions may
decompose to form Li,O (LiCO3; — 2Li"+

2¢~ +1/20, + CO»(E® = 3.82V /vsLi/Li")), which had

Figure 4 (a) The first charge (a) 4.0 ========5— (b) [ LFP cathodelLLZTOLi
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Figure 5 (a) FTIR spectra of the surface of LLZTO ceramic
membranes and Li,CO; samples, LLZTO polish denotes LLZTO
measured timely after polishing and LLZTO store denotes
LLZTO measured after storing in the Ar-filled glove box for at
least 12 h.
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better lithium-ion conductivity than Li,COs;,
improving the interface contact between the LLZTO
solid electrolyte and the LiFePO, cathode. As a result,
when the LFP cathode/LLZTO/Li batteries were
brought to room temperature (25 °C) after formation
at 100 °C, the room-temperature charge and dis-
charge capacities were significantly improved
(Fig. 2).

Similar phenomena about the decomposition of
Li,CO5 have been reported in both solid-state lithium
batteries and lithium-ion batteries [22, 25, 44]. Li,CO3
can be used as an electrolyte additive to improve the
performance of liquid lithium-ion batteries at rela-
tively high temperatures (40 °C) compared to rela-
tively low temperatures (20 °C) [45]. Recently,
Delluva et al. have proved the electrochemical

Figure 6 (a) Electrochemical (a) 30
impedance spectra (EIS) of
LFP/LLZTO/Li all-solid-state LFP cathode/LLZTO/Li (b)
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decomposition of interfacial Li;,CO; (between cath-
ode/LLZTO interface) in thin-film garnet cells
(LMO/LLZTO/Li and Au/LLZTO/Li) and con-
firmed that gas (CO, and O,) evolution was specifi-
cally from the cathode interface at charging
potentials > 3.8 V (vs Li/Li") by operando electro-
chemical mass spectrometry (EC-MS) [46]. However,
the total impedance of their garnet cells (discharged
state) was slightly increased after the electrochemical
decomposition of interfacial Li,CO;, which is con-
trary to our results (discussed below). The reason
could be that the high temperature (100 °C) will
benefit to the move of flexible polymer electrolyte
(PVAF:LiTFSI) in the LFP cathodes and within the
cathode/LLZTO interface, consequently, the flexible
polymer electrolyte (with higher Li* conductivity)
will fill gaps caused by the decomposition of Li,COs
timely, which will avoid the delamination between
cathode/LLZTO interface (occurred in thin-film gar-
net cells) and finally decrease the interfacial impe-
dance of LFP cathode/LLZTO/Li batteries after
formation.

To uncover the reason why the moderate-temper-
ature formation method greatly improved the room-
temperature performance of all-solid-state lithium
metal batteries, Fig. 6a shows the electrochemical
impedance spectra (EIS) of LFP cathode/LLZTO/Li
batteries at room temperature (25 °C) after heating or
formation at 100 °C. Compared with the pristine LFP
cathode/LLZTO/Li batteries, when the batteries
were only heated at 100 °C and then cooled back to
25 °C, the total impedance of the batteries was
reduced by 2/3, from the pristine ~ 60 kQ (Fig. 4b)
to ~ 20 kQ (Fig. 6a), but it is still large. On the other
hand, after formation at 100 °C and then cooling back
to 25 °C, the total impedance of the LFP cathode/
LLZTO/Li batteries was further reduced by more
than half compared with after heating at 100 °C, and
the total impedance was less than 10 kQ (~ 8 kQ).
That is why the room-temperature performance was
distinct in Fig. 2. Figure 6b shows the best equivalent
circuit of the LFP cathode/LLZTO/Li batteries,
which can be deconvoluted into three major parts: (1)
the resistance of the LLZTO ceramic solid electrolyte
(Ri1zTt0), (2) the interfacial resistance between
LLZTO and Li anode (Ri1zro,1y), (3) the interfacial
resistance between LLZTO and LFP cathode (R zro,
Lrp)- It is well known that heating at 100 °C can soften
the Li metal and help improve the interface contact
between the Li metal anode and the LLZTO solid
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electrolyte, which was also true for the formation at
100 °C. Figure 6¢c shows the EIS of a Li/LLZTO/Li
symmetrical battery at 25 °C after heating at 100 °C.
The sum of the LLZTO solid electrolyte impedance
(Rirzto =~ 0.6 kQ) and the LLZTO/Li interface
impedance (Ry zro/ui & 1.1 kQ) was about 1.7 kQ,
which only accounts for 1/10 of the total impedance
of the LFP cathode/LLZTO/Li battery after heating
at 100 °C. Therefore, in this situation, the interface
impedance (Ry;zro,Lrp) resulting from the interface
between LLZTO and LFP cathode, including the
interfaces within the LFP composite cathode, was
large at room temperature. This was the dominant
factor for charging and discharging all-solid-state
lithium metal batteries at room temperature. Fig-
ure 6d shows that the interface impedance within the
LFP composite cathode (Rypp) was less than 25 Q at
room temperature due to the construction of Li* and
e~ conducting channels in the cathode. The key
became how to reduce the interface impedance
between the LLZTO solid electrolyte and LFP cath-
ode. Therefore, it can be inferred that the interface
impedance between the LLZTO solid electrolyte and
the LFP cathode was significantly reduced after for-
mation at 100 °C, which was in agreement with the
side reactions in Fig. 4a. This led to the smaller total
impedance and better electrochemical performance of
the LFP cathode/LLZTO/Li batteries at room tem-
perature compared with after heating at 100 °C.

Conclusions

In summary, the moderate-temperature (100 °C)
formation method enabled all-solid-state lithium
metal batteries based on the garnet-type, LLZTO
ceramic solid electrolyte to have good performance at
room temperature (25 °C). Simple moderate-temper-
ature heating improved the interface contact between
the lithium metal and the LLZTO solid electrolyte but
did not decrease the interface impedance between the
composite cathode and the solid electrolyte. EIS
proved that the latter was the dominant factor hin-
dering the room-temperature operation of all-solid-
state lithium metal batteries. By using the moderate-
temperature formation method, Li,CO; may decom-
pose between the LFP composite cathode and the
LLZTO solid electrolyte during the first charge,
forming a more conductive interface, which included
Li,O. The impedance between the LFP composite
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cathode and the LLZTO solid electrolyte was further
reduced, and ultimately the room-temperature per-
formance of the all-solid-state lithium metal batteries
was greatly improved. At 25 °C, the all-solid-state
batteries showed an initial specific discharge capacity
of 120 mAh g~ ' at 0.05 C and worked stably for 100
cycles with 99% Coulombic efficiency. The discharge
capacities at 0.1 C, 0.2 C, and 0.5 C were 117, 102, 49
mAh g~!, respectively. The performance under the
large current rates needed to be further improved.
The moderate-temperature formation method can be
extended to other solid-state batteries using oxide
solid electrolytes, which was beneficial to reduce the
room-temperature interface impedance between the
electrode and the solid electrolyte.
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