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Abstract

Li; 3Al5Ti; 7(PO4); (LATP) has become the focus of research because of its high ionic conductivity, high oxidation voltage, and
low air sensitivity. However, Ti** is easily reduced by Li metal. In this paper, amorphous Li; sAly sGe; 5(POy4); (a-LAGP) is
introduced as an interface modification layer, because LAGP has the small electrochemical potential difference and Ge** is more
difficult to be reduced by Li. Radio frequency sputtering (RF sputtering) is adopted to modify the a-LAGP thickness less than
100 nm. Compared with crystalline LAGP layer, a-LAGP has a better effect on improving the interface stability of LATP and Li.
With the a-LAGP film, the Li/a-LAGP/LATP/a-LAGP/Li symmetrical cell is still stable after 100 cycles with the over potential
changing from 1 V to 3 V. The probable mechanism of the good stability between a-LAGP and Li are discussed.

Keywords All-solid-state lithiumbattery - Li; 3Aly 3Ti; 7(PO4)3 - Lij sAly sGe; 5(POy4); protectivelayer - Stability against lithium -

Radio frequency sputtering

Introduction

With the increasing demand for energy storage devices, tradi-
tional liquid lithium-ion batteries have been unable to meet the
demand due to their low safety and energy density.
Meanwhile, all-solid-state metallic lithium batteries have
attracted more and more attention [1]. The lithium metal has
a higher theoretical specific capacity of 3800 mAh g ' com-
pared with graphitic anode (372 mAh g ') [2]. Due to the
growth of lithium dendrites, Li cannot be used as anode in
traditional liquid lithium-ion batteries [3], while the solid elec-
trolyte in solid-state batteries can well inhibit the growth of
lithium dendrites [4]. Therefore, all-solid-state lithium
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batteries can use lithium metal as anode, which enables all-
solid-state batteries have higher theoretical specific capacity,
higher operating voltage, and more safety than liquid lithium
batteries [5].

By now, many solid state electrolytes have been studied,
such as oxide solid electrolytes NASICON (e.g.,
Li; 3Alo3Ti; 7(POg)5 [6], LijsAlgsGe; 5(POg)s [7]), perov-
skite (e.g., LiyLa,/3.4,3TiO5 [8]) and garnet type
Li;La;Zr,O, (LLZO [9]), sulfide solid electrolyte (e.g.,
Li;P3Sy; [10-12]), and Polymer electrolyte [5]. LATP has a
relatively high ionic conductivity (7 x 10 S cm™ ") [4], and it
is stable in air [13]. In addition, LATP is convenient for com-
mercialization as the precursors are cheap and preparation
process is simple [5]. In summary, LATP is a good choice
for solid state electrolyte. However, the contact between
LATP and lithium anode will cause Ti** to be reduced to
Ti** by lithium metal continuously, resulting in the failure of
cycling performance [14]. In order to stabilize the interface
between LATP and lithium anode, a suitable interface layer
should be inserted. As a solid state electrolyte, LLZO has a
low reduction potential and has a relative stable contact with
lithium metal. However, the wettability between LLZO and
lithium is poor, so another modification layer is necessary to
optimize the interface between LLZO and lithium anode [15].
West et al. used LiPON to modify the interface [2], but LIPON
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is unstable in the air and is not the best choice for the modifi-
cation layer. Kotobuki et al. proposed using TiO, to modify
solid electrolyte [16]. However, there is a big difference be-
tween the electrochemical window of LATP and metal oxides
such as TiO, and Al,O3, and their combination will produce a
space charge layer, which will hinder the transport of lithium
ions [17]. LAGP has the same NASICON structure as LATP,
and their electrochemical window are similar [14]. Moreover,
the ionic conductivity of LAGP is almost the same with LATP
and Ge** in LAGP is more stable than Ti** [13], especially at
low redox potential. As a consequence, LAGP is a more suit-
able modification layer between LATP and lithium anode.

Sandwich structure a-LAGP/LATP/a-LAGP solid electro-
lyte by RF sputtering was prepared, and Li/a-LAGP/LATP/a-
LAGP/Li symmetrical cell was assembled. Due to the use of
RF sputtering, the thickness of the a-L AGP modified layer can
be precisely control, in order that the influence of a-LAGP on
the interface impedance can be minimized. Compared with Li/
LATP/Li symmetrical cell, Li/a-LAGP/LATP/a-LAGP/Li
symmetrical cell has better galvanostatic cycle stability.
Then, the symmetrical cell with annealed LAGP/LATP/
LAGP eclectrolyte has been test by galvanostatic cycle, and
its cycle stability is not as good as that of the unannealed
symmetrical cell. After 50 h of galvanostatic cycling with
0.01 mA cm ' of current density, the over potential of sym-
metrical cell without a-LAGP increased from 1 to 5 V, and
that of symmetrical cell with a-LAGP only changed from 1 to
25V.

Experimentals
Preparation of LATP powders and pellets

According to the stoichiometric ratio of Li; 3Alg3Ti; 7(POy)s,
Li,CO3, Al,O3, TiO,, and NH4H,PO,, precursors were put
into an agate mortar, in which Li,CO5; was 10 wt% more to
offset the loss of lithium in the grinding and sintering process-
es [18]. The powders were ground for 1 h, and then loaded
into a die for pressing. The pressure of 500 MPa was applied
to the die by the hydraulic press, and the pressure was kept for
5 min. The compacted sheets were put into corundum crucible
and heated to 500 °C at a rate of 2 °C min ' in a tubular
furnace. After holding for 6 h, the samples were cooled natu-
rally in the furnace. The expanded sample was crushed,
pressed again, and put into the tubular furnace. The tempera-
ture rose to 700 °C and hold for 4 h. After that, the sintered
samples were grinded, pressed, and sintered for the third time.
During the third time, the compression of the sheet shall be
carried out in sections, and each increase of 20 MPa pressure
shall be stopped for a while to prevent the fragmentation of the
sheet body. The last sintering temperature was 900 °C,
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holding for 6 h. Finally, the pure LATP sheet was obtained
with the diameter of 12 mm and the thickness is 1 mm.

Preparation of a-LAGP film

LAGP powder (Li; sAlysGe; 5(POy4);) with 500 nm particle
size was supplied from Hefei Kejing Materials Technology
Co., Ltd. The prepared LAGP powder was poured into a
Cu-disk holder with the diameter of 60 mm, which has a
trench of 3 mm depth, and then pressed tightly with a flat
stainless steel by hydraulic press [19]. Then, the prepared
LAGP target and LATP sheet are put into the sputtering cav-
ity. After the vacuum degree pumped to 1 x 10* Pa, magne-
tron sputtering was carried out in nitrogen atmosphere. The
sputtering power was 100 W, the pre-sputtering time was
3 min, and the sputtering time was 30 min. Finally, 100 nm
a-LAGP films were deposited on LATP pellets. Moving the
sputtered electrolyte tablets into the glove box immediately
can avoid the influence of air, so that a-LAGP film has a high
and stable ionic conductivity.

Characterization

The crystal structure and purity of LATP pellets and LAGP
films were measured by X-ray diffraction (XRD, Rigaku IV,
Nippon Science Corporation). The ionic conductivity of
LATP was measured by electrochemical impedance spectros-
copy (EIS) at the electrochemical workstation (CHI604E,
Shanghai Chenhua Instrument Co. Ltd.). The surface mor-
phology of LATP and LAGP was measured by scanning elec-
tron microscopy (SEM, Sigma-H, Carl Zeiss Germany) and
transmission electron microscope (TEM, Philips Tecnai F30).
The determination of molecular structure of LATP and LAGP
and the phase analysis before and after the cycle are measured
by Fourier infrared spectroscopy (FTIR, NOCOLET380,
Thermo Electron Corporation) and Raman spectroscopy
(WITECA =488 nm).

Electrochemical test

In glove box, the symmetrical cells were assembled with a-
LAGP/LATP/a-LAGP electrolytes, lithium anodes, and coin-
cell (CR2025). The situation of charging/discharging of sym-
metrical batteries is given by galvanostatic cycle experiment
of landian system (LAND, Wuhan Blue Electric Electronics
Co. Ltd.) with a current density of 0.01 mA cm 2, and the
charge time of each cycle was 1 h.

Results and discussion

The prepared LATP powders were characterized by XRD, the
obtained diffraction pattern is in well consistent with the
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standard spectra of LATP, and the peaks were sharp, indicat-
ing that the prepared LATP powders have pure phase
(Fig. 1a). The XRD patterns of quartz substrate, a-LAGP,
and annealed LAGP (900 °C) were tested (Fig. 1b); the pris-
tine quartz shows a blunt peak in the XRD pattern with an
angle about 21 degrees. By sputtering an amorphous film of
LAGP, the strength of the peak is weakened. After annealing,
the peak of LAGP appeared in the curve (below is the standard
pattern of LAGP). Because the LAGP film is only 100 nm, it
can only be characterized by grazing incidence mode, which
leads the peak of LAGP looks weak. Copper blocking elec-
trodes were sputtered on both sides of LATP, a-LAGP/LATP/
a-LAGP, and annealed LAGP/LATP/LAGP before EIS test.
According to the curve in Fig. 1c and formula

L

- (1

o
where o is the ionic conductivity, L is the thickness of the
sample, R is the total resistance, its value is determined by
the abscissa of the inflection point of the curve in Fig. lc,
and S is the surface area of the sample. The calculated ionic
conductivity of LATP is 2 x 10 * S cm™". The ionic conduc-
tivities of a-LAGP/LATP/a-LAGP and annealed
LAGP/LATP/LAGP were calculated, respectively.
Compared with polycrystalline LAGP, the ionic conductivity
of a-LAGP must be lower because there is no ordered Li ion
transport channels. The ionic conductivity of LAGP is slightly
lower than that of LATP, so the existence of a-LAGP film will
lead to the decrease of the total ionic conductivity. However,
the influence of sputtered a-LAGP film on the ion conductiv-
ity is limited because it is only 100 nm. If the thickness of a-
LAGP film is reduced, this effect can be ignored. At the same
time, the existence of a-LAGP film is helpful for the fit of
LATP and lithium, which reduces the interface impedance
and the total impedance of symmetrical cells.

The a-LAGP coating layer morphologies of LATP were char-
acterized by SEM and TEM. In Fig. 2a, LATP shows a typical
ceramic surface filled with grains and grain boundaries. The
grain size of LATP is relatively large, which is about 5 pm. It
can be found that there is a very close contact between the grains.

The coating of sputtered a-LAGP on LATP is compact and
continuous (Fig. 2b). After annealing, the coverage of LATP
by LAGP is still continuous, but appears sharp patterns, implying
the crystalline process of LAGP (Fig. 2c). The cross section of a-
LAGP/LATP and annealed LAGP/LATP were clearly displayed
in high resolution TEM (Fig. 2d and e). From the comparison of
the two images, the a-LAGP shows amorphous and uniform
coating nature, while annealed LAGP exhibits the existence of
some nano crystals. A LATP crystalline grain covered by a-
LAGP was caught and analyzed by EDS (Fig. 2f), and Al, Ti,
P, O, and Ge all have clear distribution, in which the distribution
of Ge shows obviously different morphology. At the edge of the
crystalline grain, the brightness of Ge is obviously brighter than
that of the middle part, while the brightness of other elements is
darker at the edge, demonstrating the LATP is coated by a-
LAGP layer.

The samples of LATP, LAGP, annealed LAGP/LATP, and
GeO, were tested by FTIR (Fig. 3). We found that the peak of
LAGP/LATP is the superposition of LATP and LAGP. For
LAGP, the peaks at 3419 cm™' are consistent with that at
GeO,. For LAGP/LATP, the above peak in the LAGP are
retained, and the LATP curve is also complete, which shows
that the double-layer structure of LAGP/LATP prepared by
sputtering and annealing is effective and complete.

Li/LATP/Li, Li/a-LAGP/LATP/a-LAGP/Li, and annealed
Li/LAGP/LATP/LAGP/Li symmetrical cells were assembled.
Galvanostatic cycling was carried out for the symmetrical
cells, the charge time of each cycle was 1 h, and the current
density was 0.01 mA cm 2. We found that the curve of sym-
metrical cell is obviously smooth by the modification of a-
LAGP (Fig. 4a). The cell with annealed Li/LAGP/LATP/
LAGP/Li is not as that with the Li/a-LAGP/LATP/a-LAGP/
Li. For Li/LATP/Li, Li/LAGP/LATP/LAGP/Li, and Li/a-
LAGP/LATP/a-LAGP/Li, the over potential increment per
mAhis 8 V mAhfl, 27VmAh ! and 1.6 V mAh™! respec-
tively. This proves that the coating of a-LAGP can alleviate
the overpotential growth of symmetrical cells during the cy-
cling life. Enlarging the x axis, the curves of the Li/LATP/Li
symmetrical cells are obviously different from others (Fig.
4b). For Li/LATP/Li cells, a small overpotential peak can be
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Fig. 1 a The XRD pattern of LATP powders. b The XRD pattern of quartz substrate, a-LAGP film, and annealed LAGP film on the quartz substrate. ¢
EIS of LATP, a-LAGP/LATP/a-LAGP, and annealed LAGP/LATP/LAGP (the AC frequency range is 0.01 to 10°> Hz)
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Cross section of annealed LAGP/LATP. f elemental analysis of a-LAGP/LATP

seen at the beginning of each cycle. According to the work by
Chen et al. [20], this small peak is caused by the formation of
lithium dendrites. However, no similar small peak can be seen
in the curve of the sample covered with a-LAGP, which indi-
cates that the existence of a-LAGP limits the growth of lithium
dendrites.

Li/LATP/Li, Li/a-LAGP/LATP/a-LAGP/Li, and Li/
LAGP/LATP/LAGP/Li symmetrical cells were tested with
different cycles of galvanostatic cycling, then the symmetrical
cells were disassembled and the electrolytes were character-
ized by SEM (Fig. 5). It can be seen from SEM that with the
increase of the number of cycles, the electrolyte surface of Li/
LATP/Li symmetrical cell has obvious cracks, the LATP
grains fractured into small and irregular particles. The particle
fracture may cause by the stress during Li inserted/reacted
with LATP, which subsequently induces the failure of me-
chanical contact or Li pathway between Li and LATP. By
contrast, the electrolyte surface of Li/a-LAGP/LATP/a-

LAGP/LATP

LATP

Transmittance (%)

m
N

1 1 1
4000 3000 2000 1000

Wavenumber (cm™)

Fig. 3 FTIR spectra. a LATP, LAGP, and LATP/LAGP samples. b
Li,CO;, ALO;, TiO,, NH4H,PO,, and GeO, precursors
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LAGP/Li shows almost the same morphology after different
cycles, implying the stable interface between Li and LATP.
The LiI/LAGP/LATP/LAGP/Li symmetrical cell has a rela-
tively consistent morphology.

The solid electrolytes after 20 cycles and pristine electro-
lytes were tested by Raman spectroscopy. For a single LATP
pellet, clear characteristic peaks can be seen before the cycle
(Fig. 6), which are consistent with the LATP peaks reported in
other literature [21]. The bands in the ranges of 860—
1130 cm™' and 400-680 cm ™' are attributed to the stretching
and bending vibrations of the P-O bonds, respectively [22].
The bands present in the lower region are caused by the tran-
sitional vibrations of Ti**, PO,> ions, and the librations of
PO, [23]. There are three obvious characteristic peaks
(969.5 cm™', 989.1 cm™', 1007.3 cm™') near 1000 cm ™'
[24], and at 20 cycles, the intensity of the peak decreases.
With the increase of the cycle number, it can be seen that
the three peaks evolve into one peak, implying the structure
collapse of LATP. In the paper of Dashjav et.al [21], we know
that with the substitution of Li and Al for Ti, the spectral peaks
of Lij Al Ti, «(POy4); gradually widens. The most likely re-
action in the symmetrical cell cycle is the reduction of Ti**, so
the peak broadening in Fig. 6 and the situation shown in the
paper are mutually confirmed.

For the electrolyte pellet sputtered with a-LAGP and
annealed LAGP, an obvious peak can be seen at 782 cm
which is the unique peak of LAGP. With the increase of the
cycle number, the overall morphology of the peak changed
little, which confirms the protection of LAGP to the electro-
lyte pellet. The peak of 782 cm ' is related to the vibration
mode of O-Ge-O [25-28]. In a-LAGP/LATP, the intensity of
this peak is very strong, but after annealing, its intensity is
weakened a lot. On the contrary, the intensity of the rest peaks
in the spectrum is enhanced. This shows that the annealing
results in the change of Ge-O bond, which makes the peaks of
annealed sample similar to those of Li/LATP/Li after cycle.
This phenomenon shows that the annealing of a-LAGP/LATP



lonics (2020) 26:3815-3821 3819

(@) o

8 -
6 -
> 4 3
= 2 o
?.L [} L.
) L
e 3
- -4 5
6 ]J——Li/a-LAGP/LATP/a-LAGP/Li o
-8 anncaled LVLAGP/LATP/LAGP/Li E
Z10 -Li/LATP/Li E
T ¥ T v T ¥ T ¥ T -
0 50 100 150 200 150

Time (hours)

q=—Li/la-LAGP/LATP/a-LAGP/Li

-4 - anncaled LI/LAGP/LATP/LAGP/Li -
1——LiI/LATP/Li -
-6 v r v ' v ' v . .
0 2 4 6 8 10

Time (hours)

Fig. 4 a The galvanostatic cycle curve of Li/LATP/Li, Li/a-LAGP/LATP/a-LAGP/Li, and Li/LAGP/LATP/LAGP/Li symmetrical cells. b The curve
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and the galvanostatic cycling of LVLATP/Li symmetrical cells ~ Raman spectrum appears in the annealed LAGP/LATP indi-
have some similarity on the effect of LATP. We know thatthe  cates that in addition to the crystallization phenomenon, a-
contact and cycle of LATP with lithium metal will lead to the =~ LAGP film has a complex reaction with LATP, which even-
lithium intercalation of LATP [29], and eventually lead to the = tually leads to the degragation of the galvanostatic cycle sta-
amorphization and even fragmentation of LATP. Similar  bility of the LiV/LAGP/LATP/LAGP/Li symmetrical cell.
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Fig.5 Electrolytes morphology a and d of Li/LATP/Li, b and e of Li/a-LAGP/LATP/a-LAGP/Li, and ¢ and f of Li/LAGP/LATP/LAGP/Li symmetrical
cells after 10 cycles and 20 cycles
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Fig. 6 Raman spectroscopy of LATP, a-LATP/LAGP, and annealed
LAGP/LATP electrolytes with different cycles

In addition, polycrystalline ceramic materials have two
kinds of lithium ion conduction mechanisms: grain boundary
and grain, which lead to the uneven transport of lithium ion at
the interface between ceramic materials and lithium anode [4,
30]. Compared with LAGP, the modification of a-LAGP ob-
viously provides more uniform transport of lithium ions, lead-
ing to a better interface stability.

Conclusions

In summary, we have successfully improved the interface sta-
bility between LATP and lithium metal by a-LAGP. Li/a-
LAGP/LATP/a-LAGP/Li symmetrical cell has better perfor-
mance than Li/LATP/Li symmetrical cell. The mechanism is
that Ge** in a-LAGP is more difficult to be reduced by lithium
than Ti** in LATP, thus enabling stable chemical and crystal-
line structure properties. In addition, the amorphous nature of
a-LAGP uniform the Li ion flux at the interface, which helps
to suppress the formation of Li dendrite. LAGP and LATP
have the same order of magnitude of'ionic conductivity, which
makes a-LAGP not have much effect on the overall conduc-
tivity. At the same time, due to the use of RF sputtering, the
thickness of a-LAGP can be controlled to reduce its influence
on the ionic conductivity. After annealing, Li/LAGP/LATP/
LAGP/Li symmetrical cells do not exhibit better cycling char-
acteristics. The reasons are as follows: The coating of a-LAGP
on LATP is complete and continuous, and the annealed LATP
appears uneven thickness. The amorphous layer is more uni-
form for the transport of ions, and there will be no electrolyte
rupture due to the uneven transport of ions. In addition to
crystallization, the complex reaction between a-LAGP and
LATP results in the instability of the interface.
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