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NASICON-type Lij 1xAlTiz_x(PO4)3 (LATP) solid electrolytes have attracted great attention because of their high
ionic conductivity, wide electrochemical stability window, pronounced chemical resistance, and low cost.
However, the chemical instability of LATP against metallic lithium (Li®) poses a major challenge and hinders its
application in solid-state lithium batteries. Herein, an ultrathin polysiloxane-based single-ion conductor (PSiO)
serves as multifunctional protection interlayer to enhance the interfacial stability between LATP and Li°. PSiO
effectively blocks the direct contact between Li® and LATP, regulates the homogeneous Li* flux at the Li|elec-
trolyte interface, promotes the intimate contact between PSiO and Li® by forming Si — O — Li bonds, and
generates an LiF-enriched Li|electrolyte interphase. As a result, it enables more than 2,000 h of stable cycling in
symmetric PSiO@Li||PSiO@Li cells and superior rate capability and cycling stability in high-energy PSiO@-
Li||LiNig.ggC00.09Mng 0302 cells. The realization of well performing 2-layer bipolar stacked cells eventually

demonstrates the great potential of this approach.

1. Introduction

Since their commercialization in the 1990s, lithium-ion batteries
(LIBs) have greatly reshaped our daily life by fast proliferation in
portable electronic devices, electric vehicles and energy storage grids
[1-4]. Nevertheless, the capacity and energy density of LIBs are
approaching the intrinsic limits of the utilized intercalation chemistry
[2,5], and the globally growing demands call for new battery systems
with even higher energy density and safety as well as longer lifespan [6].
Lithium metal (Lio), the so-called ‘holy grail’ anode material, possesses a
very low electrochemical potential (-3.04 V vs. standard hydrogen
electrode) and an unrivalled specific capacity (3860 mAh g 1) [7-9].
Accordingly, replacing graphite with Li° is anticipated to increase the
gravimetric and the volumetric energy density of cells by 35% and 50%,
respectively [10,11]. In fact, commercial lithium-metal batteries (LMBs)

had been launched already in the late 1980s by the Canadian company
Moli Energy [12,13]. Nevertheless, these cells were called back owing to
frequent accidents resulting from Li® dendritic deposition and high
reactivity with the flammable liquid organic electrolyte. The increas-
ingly intensive pursuit for advanced battery systems, however, has
revitalized the interest in Li® as the anode and, hence, sparklingly
extensive research on the stabilization of the Li|electrolyte interface
[8,14].

One of the most prominent approaches to achieve this ambitious goal
is the use of solid electrolytes (SEs), especially with regard to their
commonly greater safety compared to liquid organic electrolyte systems.
Of particular interest at present are so-called hybrid electrolyte systems,
comprising, for instance, an inorganic solid phase and a polymer
component. Such systems allow for beneficially combining the high
ionic conductivity and thermal stability of the inorganic component, and
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the high flexibility and intimate electrode|electrolyte contact of the
polymer phase [15-17]. Nonetheless, when considering ‘simple’ mix-
tures of the two phases, a new fundamental challenge occurs, i.e., the
complex Li" migration through the hybrid electrolyte and across the
inorganic|polymer interfaces and interphases. Additionally, challenges
of the single components such as the poor stability of high-performance
inorganic electrolytes in contact with Li® remain. In the case of the very
well established NASICON-type Lij 3Algp3Ti;7(PO4)s (LATP), for
example, it is known that the Ti** cations are instantly reduced in
contact with Li’, resulting in the formation of a reactive and thus
evolving interphase because of its mixed ionic/electronic conductivity
(MCIs) [18]. Worst yet, such a reaction is both thermodynamically and
kinetically favorable [9]. Taking these and other common challenges of
SEs into account, it becomes clear that any potentially successful hybrid
solution will have to be designed in a way that (i) there is no direct
contact between the inorganic phase and the Li electrode, (ii) the Li*
ions can migrate through the inorganic phase and across the interfaces
and interphases with the other electrolyte components, (iii) the elec-
trolyte system remains easily processable and ensures intimate in-
terfaces with the electrodes [19], and that (iv) a high degree of safety is
maintained despite the incorporation of additional organic components,
while simultaneously (v) showing a homogeneous and non-dendritic
lithium deposition and (vi) providing a sufficient electrochemical sta-
bility towards oxidation to allow for the use of high-energy cathode
materials such as Ni-rich LiNi;.x yCoxMnyO3 (NCM).

In a previous study [20], we constructed a hybrid electrolyte
comprising LATP, electrochemically inactive poly(vinylidene fluoride-
trifluorethylene) (PVdF-TrFE), and an ionic liquid-based electrolyte,
comprising 0.3LiFSI (lithium bis(fluorosulfonyl)imide) in 0.35Pyr;4FSI
(N-butyl-N-methyl-pyrrolidinium  bis(fluorosulfonyl)imide)  and
0.35Pyr;4TFSI (N-butyl-N-methyl-pyrrolidinium bis(trifluoromethanes
ulfonyl)imide), hereinafter abbreviated as MILE. In this hybrid electro-
lyte system, LATP and MILE provide the ionic conductivity, while PVdF-
TrFE connects the ceramic particles to form a 3D network and to enable
the preparation of free-standing and flexible electrolyte films. MILE
additionally promotes a better wettability of the electrodes and reduces
the interfacial resistances. While this system showed high ionic con-
ductivity, facile processability owing to the flexible nature of the
resulting electrolyte sheets, and very good compatibility with Ni-rich
NCM, the interfacial stability with Li® remained an issue, resulting in
increasing interfacial resistances and dendritic lithium growth [18]. In
another recent study, we reported a new single-ion conducting polymer
electrolyte (SIPE) based on a polysiloxane backbone (PSiO) [21]. The
chemical design of the free-standing polymer electrolyte membranes
composed of PSiO blended with poly(vinylidene fluoride-co-hexa-
fluorpropylene) (PVAF-HFP) enabled the realization of a suitable inter-
face and interphase with the Li® electrode, homogeneous Li* flux, and
smooth, dendrite-free lithium deposition.

Inspired by these findings, we developed Li° electrodes coated with
an ultrathin layer of the single-ion conducting PSiO (PSiO@Li) to
simultaneously prevent the physical contact between the LATP-based
hybrid electrolyte and Li’, and ensure the homogeneous Li* flux
across the electrode|electrolyte interface. These PSiO@Li electrodes
were realized via dip-coating, which is an easily scalable method, and
the PSiO interlayer enables a dramatically improved cycle life of the
resulting LMB cells.

2. Results and discussion
2.1. Physicochemical characterization of the PSiO coating

In the first step, the surface morphology of pristine Li and PSiO@Li
was investigated via scanning electron microscopy (SEM). Generally, the
pristine Li (Figs. 1a and S1a) shows a very smooth surface. The apparent
line traces are predominantly attributed to the extrusion step during
fabrication and a higher magnification (inset in Fig. 1a) reveals some

white dots, which are assigned to LioCO3 formed during the fabrication
process under a mixture of argon and CO2 [22]. After coating PSiO on
the lithium surface, the insulating nature of PSiO reduces the overall
clarity of the SEM micrograph (Figs. 1b and S1b). Notably, the line
traces are still visible, implying that the PSiO layer is rather thin. The
homogeneity of the PSiO coating of the PSiO@Li electrode was
corroborated by conducting energy dispersive X-ray spectroscopy (EDS),
revealing the homogeneous distribution of N, C, O, S, F, and Si (Fig. S2).
Fig. 1c shows the Fourier transform infrared (FT-IR) spectroscopy data
obtained for PSiO@Li in comparison with the data recorded for pure
PSiO powder. The main bands found for PSiO@Li (in orange), i.e., C H
(1454cm 1),Si C(1266cm ), C F (1196 cm 1), and S = O (1329
cm 1, 1125 cm 1), are well in line with those of the PSiO reference (in
blue) [21], confirming the successful coating of the Li® foil with PSiO.
The stretching vibration of the C = O bond shifts from 1715 cm ! to
1731 cm 1!, which is probably due to the interaction with Li® [23].
Similarly, a red shift of the band associated to the Si O bond from
1057 ecm ! to 1070 em ! occurred concomitantly with a reduced in-
tensity. This observation indicates the formation of Si O Li bonds,
ensuring a highly intimate contact between the PSiO coating and the Li’
surface [24,25]. Besides, the sharp peak located at 881 cm ! and the
broad peak occurring between 1358 cm ! and 1610 cm ! are attributed
to the native surface contaminants on the Li® foil, particularly, Li,CO3
[26], and the peak at 1675 cm 1 corresponds to the stretching vibration
of the C = O bond from residual NMP traces (see Fig. S3) [27].
Subsequently, we performed neutron depth profiling (NDP) to
nondestructively determine the thickness of the PSiO coating on the Li°
foil from the lithium concentration profile [28-31]. Both triton particles
(Fig. S4) as well as o particles (Fig. 1d, e) were analyzed to determine the
Li distribution profiles, as both carry similar information. In the present
case, though, we relied more on the a particle profiles, since they offered
a comparatively higher energy resolution than the triton particles in the
region close to the sample surface. The plots of the Li concentration vs.
mass loading of pristine Li_50 pm and PSiO@Li_50 pm as well as pristine
Li 300 pm and PSiO@Li 300 pm are displayed in Fig. 1d and e,
respectively. The term mass loading is defined as the product of sample
density times the depth of reaction origin where the neutron reacts with
the °Li isotope [32]. The thickness of PSiO was estimated by the ratio of
the mass loading difference between pristine Li and PSiO@Li and the
true density of PSiO (1.48 g cm 3). The thickness of the PSiO polymer
film was calculated to be 80 & 14 nm and 140 & 14 nm for PSiO@Li_50
pm and PSiO@Li_300 pm (Table S1), respectively. Considering that the
theoretical resolution is around 30 nm for a standard NDP geometry, due
to statistical processes and intrinsic resolution of the instrument, we can
roughly estimate the average thickness of the PSiO coating to be 110 +
30 nm. It is worth mentioning that such an ultrathin interlayer barely
has any impact on the gravimetric and volumetric energy densities.

2.2. Impact of the PSiO interlayer on the cell performance

To investigate the impact of the PSiO interlayer on the interfacial
stability between Li® and the hybrid LATP/PVdF-TrFE/MILE electrolyte,
symmetric PSiO@Li||PSiO@Li cells were assembled for lithium
stripping-plating tests (at 0.1 mA cm 2) and compared to symmetric Li||
Li cells without the PSiO coating (Fig. 2a). In the case of the Li||Li cells,
after an initial decrease, the overpotential steadily increases, before
eventually stabilizing at ca. 66 mV after around 130 h. After about 390
h, though, a rapid decline of the overpotential was observed, indicating
the occurrence of a ‘soft short-circuit’ [20]. The PSiO@Li||PSiO@Li cell
exhibited an initial overpotential of 260 mV (Fig. 2a), i.e., about 3 times
higher than that of the Li||Li cell (89 mV), which can be reasonably
explained by the introduction of the PSiO coating, resulting in higher
interfacial resistance. Subsequently, the overpotential sharply decreased
owing to the improved interfacial contact and Li surface reorganization,
including the breakdown of the native passivation layer and the for-
mation of a less resistive solid electrolyte interphase (SEI) [33-35]. After
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cycling for about 250 h, the overpotential stabilized at ~ 80 mV and
remained essentially stable with a very minor increase by about 10 mV
after 2,000 h, when the cell was stopped for the ex situ analysis. This
outstanding cycling stability supports for the formation of highly stable
interface/interphase between the Li® electrode and the hybrid electro-
lyte, benefitting from the essentially single-ion conductivity (Fig. S5)
and high stability towards reduction (Fig. S6) of the electrolyte system in
PSiO@Li comprising cells. In fact, the subsequent ex situ FT-IR analysis
(Fig. S7) revealed that the protective PSiO coating was still present on
the Li® surface despite its very small thickness (110 + 30 nm).

In a next step, the electrochemical performance of full-cells
composed of LiNig ggCog o9Mng 0302 (NCMgg) at the positive electrode,
PSiO@Li (or pristine Li) at the negative electrode and the hybrid LATP/
PVAF-TrFE/MILE electrolyte was investigated. Fig. 2b-e compares the
rate capability and cycling stability of the PSIO@Li|[NCMgg and Li||
NCMgg cells. Initially, at a dis—/charge rate of 0.05C (1C =200mA g 1),
the discharge capacity (213 mAh g 1) and initial Coulombic efficiency
(ICE, 91.9%) of the PSiO@Li||NCMgg cell (Fig. 2b, d) were slightly lower
compared to the Li|[NCMgg cell (217 mAh g ! and 92.6%; Fig. 2c, d).
Moreover, the Li| [NCMgg cell provided slightly higher capacities at 0.1C
(210 mAh g ! vs. 208 mAh g !) and 0.2C (199 mAh g ! vs. 198 mAh
g 1. This minor difference in capacity has been somehow expected
given the presence of the additional PSiO interlayer. When further
increasing the dis-/charge rate, however, the PSiO@Li||NCMgg cell
outperformed the Li||[NCMgg cell. Notably, above 0.5C, the superior
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performance of PSiO@Li as the negative electrode becomes highly
evident: the PSiO@Li||[NCMgs cell retained reversible specific capacities
of 153 mAh g ! at 0.75C and 125 mAh g ! at 1C, which is about 37%
and 140% higher than the capacities provided by the Li|[NCMgg cell (i.e.,
112 mAh g ! at 0.75C and 52 mAh g ! at 1C). These findings indicate
that the implementation of the PSiO interlayer is critical for enhancing
the dis-/charge performance at high current densities, presumably
owing to its single-ion conducting nature and a reduced detrimental
impact of reversed cell polarization at elevated currents. When subse-
quently decreasing the dis-/charge rate back to 0.2C, the PSiO@Li||
NCMgg cell was capable of retaining a reversible capacity of 198 mAh
g L corresponding to a capacity retention of 99.7%. The Li||NCMgg cell
delivered a somewhat lower specific capacity of 196 mAh g ! and
achieved a capacity retention of only 98.5%.

The long-term cycling stability of PSIO@Li||[NCMgg and Li||NCMgg
cells is displayed in Fig. 2e. After the initial formation cycles, both cells
were subjected to 500 cycles at 1C. The PSiO@Li|[NCMgg cell retained a
higher capacity of 128 mAh g ! (vs. 118 mAh g 1), being very well in
line with the results of the rate capability test. Even more importantly,
the Li||NCMgg cell showed a fast capacity decay, quickly reaching the
‘End-of-Life’ (EoL) threshold of 80% capacity retention after only 74
cycles. Differently, the PSIO@Li|[NCMgg cell hit the EoL threshold after
304 cycles, which is a dramatic improvement by a factor of 4. After 500
cycles, the PSiO@Li||[NCMgg and Li||[NCMgg cells retained a specific
capacity of 81 and 42 mAh g !, respectively, corresponding to a capacity
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Fig. 1. The surface morphology of (a) pristine Li and (b) PSiO-coated Li (PSiO@Li). (c) FT-IR spectra of PSiO@Li (in green) and PSiO powder (in orange). (d, e) Li
density profiles of PSiO@Li (in green) and pristine Li (in black) as a function of mass loading (using the o particle energy loss profile) to determine the thickness of the

PSiO coating on (d) 50 pm and (e) 300 pm thick Li° foil.
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Fig. 2. (a) Comparison of the lithium stripping-plating experiment conducted with Li||Li cells (in black) and PSiO@Li||PSiO@Li cells (in green), both comprising the
hybrid LATP/PVdF-TrFE/MILE electrolyte. (b-d) Evaluation of the rate capability of the (b, d) PSiO@Li||NCMgg and (c, d) Li||[NCMgg cells along with the corre-
sponding dis-/charge profiles. (e) Long-term cycling performance of the PSiO@Li||NCMgg and Li|[NCMgg cells at 1C. The temperature was set to 20 °C for all

experiments.

retention of 62.8% and 35.4%. This substantially enhanced performance
of the PSiO@Li||NCMgg cell originates not least from the higher average
CE of 99.91% compared to only 99.77% for the Li||NCMgg cell. These
results further confirm the effectiveness of the PSiO interlayer for sta-
bilizing the interface between the Li° electrode and the hybrid electro-
lyte and, thus, improving the rate capability as well as the long-term
cycling stability.

2.3. Ex situ investigation on the enhanced performance enabled by PSiO
coating

Following the 500 cycles at 1C (Fig. 2e), the negative and positive
electrodes were recovered and analyzed via SEM in a first step. Figs. 3
and S8 show the surface morphology of the cycled PSiO@Li (denoted as
C_PSiO@Li) and Li (marked as C_Li) electrodes, respectively. The surface
of C_PSiO@Li (see Fig. S8a, b for lower magnifications and Fig. 3a for an
image at higher magnification) was relatively clean and flat, i.e., free of
dendritic Li. On the contrary, C_Li exhibited a rougher surface (Fig. S8c,
d) and plenty of ‘corrosion pits’ (highlighted with dashed red lines).
Taking a closer look at these pits (Fig. 3b), revealed agglomerated

particles, penetrating into the bulk lithium electrode. Additionally, some
fibrous Li dendrites (indicated by the red arrow in Fig. 3b) were
observed beneath these particles. The ex situ EDS analysis of such ‘par-
ticle island’ features on C_Li (Fig. S9) showed that these particles are
composed of aluminum, titanium, phosphorus, and oxygen, confirming
that they are composed of LATP. The resulting parasitic reactions,
including the reduction of Ti** and inhomogeneous Li deposition, are
causing the inferior cycling stability and CE of the Li||[NCMgg cells. The
PSiO interlayer apparently prevents such penetration of the LATP par-
ticles into the lithium electrode, as schematically depicted in Fig. 3c, d,
eventually leading to the substantially ameliorated long-term cycling
stability of PSIO@Li||[NCMgg cells. In fact, the ex situ SEM analysis of the
cycled NCMgg cathode did not show any appreciable difference
(Fig. S10).

In a second step, the cycled electrodes were studied via ex situ X-ray
photoelectron spectroscopy (XPS). Again, the analysis of the cycled
NCMgg positive electrode (Fig. S11) did not reveal any significant dif-
ference for the two cells, underlining that the reactions occurring at the
negative electrode are decisive. The ex situ XPS data obtained for
C_PSiO@Li and C_Li before and after 20 min of Ar' sputtering are
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C_PSiO@Li

Fig. 3. Ex situ SEM analysis of (a) cycled PSiO@Li (C_PSiO@Li) and (b) cycled Li (C_Li) electrodes recovered from the PSiO@Li|[NCMgg and Li||NCMgg cells after 500
cycles at 1C (Fig. 2e). (c, d) Schematic illustration depicting the protective effect of the PSiO coating on the Li° electrode.

presented in Fig. 4. The chemical composition of the SEI formed on the
two negative electrodes showed significant differences at the outmost
surface, while less differences were observed after sputtering, i.e., for the
inner layers of the SEI In the case of C_PSiO@Li, PSiO related features
are clearly detectable, i.e. -Si-C- (at 282.5 eV - C 1s), RC-(C=0)-0 (at
289.6 eV -C1sand 531.4 eV -0 1s), -Si—-O-Si— (at 532.0 eV -0 1s), and
-S-C-(at 163.5 eV - S 2p) [36-38]. The presence of -Si-C- and -Si-O-Si
bonds is also apparent from the Si 2p spectra presented in Fig. S12
[37,39]. However, the signals associated to FSI and TFSI and their
decomposition products are also observed, i.e., at 688.6 eV (F 1s), 400.0
eV (N 1s) and 169.5 eV (S 2p) [40,41], which are rather weak compared
to those observed for C_Li, indicating a rather thin SEI and corroborating
that the PSiO interlayer mitigates the MILE decomposition. This is
further supported by the substantially higher intensity of the O = C-O-C
features in the C 1s and O 1s spectra of C_Li, as these species are pre-
sumably resulting from the electrode rinsing step with DMC after dis-
assembling the cells, highlighting the generally reduced reactivity of the
PSiO-coated Li. The C_PSiO@Li electrode showed almost no reactivity
with DMC, confirming that the PSiO interlayer was well preserved also
after 500 cycles.

The thickness of the SEI can be roughly estimated using Tanuma’s
equation, which considers the inelastic mean free path (IMPF) of a
selected element and the photon energy [42]. Owing to the presence of
the PSiO coating in the case of the PSiIO@Li electrode, we used the Li
photoelectrons for the cycled Li electrode and the Si photoelectrons for
PSiO@Li. Since we did not detect any Li metal signal for the cycled Li
electrodes, the SEI is presumably thicker than 10 nm. In the case of the
cycled PSiO@Li electrodes, the SEI was thinner, since we detected Si
photoelectrons from the PSiO, indicating that the SEI was less than 10

nm in this case, approximately 8-9 nm.

After sputtering, i.e., closer to the Li electrode surface, the SEI of C_Li
and C_PSiO@Li was rather similar with the first main difference being
the more pronounced presence of FSI and TFSI decomposition prod-
ucts in the case of C_Li, specifically, LisN (N 1s) and Li5S (S 2p) [40,43].
The second difference is the higher fraction of LiF found for C_PSiO@Li
SEIL, which accounted to 3.1 at% vs. 1.6 at% in the case of C_Li. This
indicates that the presence of the PSiO interlayer promotes the forma-
tion of an LiF-enriched SEI close to the Li® side, which is commonly
expected to yield a more stable interphase [14]. In addition with the
other Li-bearing phases such as Li,SiOy, which have also been reported
as very beneficial [25], the SEI formed in presence of PSiO appears to
enable a more homogeneous Li* flux and deposition, allowing for the
superior rate capability and capacity retention observed for PSiO@Li.

2.4. Proof of concept in 2-layer bipolar stacked cells

To demonstrate the feasibility of realizing bipolar stacked cells with
this cell chemistry, 2-layer [(-)SUS|PSiO@thin Li|hybrid electrolyte|
NCMgg|Al|SUS|PSiO@thin  Li|hybrid electrolyte| NCMgg| Al|SUS(+)]
cells (denoted as B2_PSiO@thin Li||[NCMgg) were assembled as a proof of
concept. The configuration of this cell is depicted schematically in
Fig. 5a. Stainless steel (SUS) was used as the bipolar plate (BP) to con-
nect the two cells. It shall be mentioned that the Li® anode was only 20
pm thick in this setup. At 0.05C the B2 PSiO@thin Li||NCMgg cells
delivered an initial specific discharge capacity of 204 mAh g ! and an
ICE of 86.8% when cycled between 8.6 and 6.0 V (Fig. 5b, ¢). Increasing
the dis-/charge rate to 0.1C resulted in a minor decrease in capacity with
about 197 mAh g . Upon cycling, a mild decline in capacity was
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Fig. 4. Comparison of the C 1s, O 1s, F 1s, N 1s, S 2p, and Li 1s detail spectra before and after 20 min of Ar* sputtering of (a) C_PSiO@Li and (b) C_Li electrodes

recovered from the PSiO@Li||[NCMgg and Li||[NCMgg cells after 500 cycles at 1C.

observed, resulting in a capacity retention of 86.4% after 30 cycles. This
minor decline in capacity presumably originates from the cell setup,
which generally magnifies the fading of each single unit cell, as also
evidenced by the lower average CE of 97.8% and the greater increase of
the IR drop upon cycling (Fig. 5d). This is also reflected by a slight in-
crease of the bulk resistance from 30 Q to 41 Q after 20 cycles (Fig. S13).
Differently, the interfacial resistance decreases slightly from about 450
Q to 340 Q, which we assign to an improving interfacial contact at the
electrode|electrolyte interfaces upon cycling. This antidromic behaviour
in combination with the lower CE indicates that the decrease in capacity
is mainly related to a decreasing utilization of the cathode active ma-
terial — presumably due to the non-perfectly aligned electrodes in this
bipolar setup. Nevertheless, the 2-layer bipolar cell still exhibited an
impressive performance compared to previous studies [44-47].
Furthermore, the cycled and eventually charged bipolar cell was capable
of powering a series of green LED lights (Fig. 5e, Video S1) for more than
2 min without an obvious decrease in light intensity.

3. Conclusion

In this work, we developed a highly efficient strategy to enhance the
interfacial stability between LATP and Li° by dip-coating the Li foil with
an ultrathin polysiloxane-based single-ion conducting polymer layer
(PSiO). The intimate contact between this PSiO coating and Li® was
evidenced by the formation of Si O Li bonds. The PSiO layer serves
as a multi-functional protection interlayer, (i) preventing the direct
contact between LATP and Li° to avoid the reduction of LATP and the
penetration of LATP into the Li° foil, (ii) forming a LiF-rich inner SEI

region to further stabilize the interface, and (iii) regulating the Li* flux
at the electrode|electrolyte interface to ensure homogeneous lithium
stripping/plating. As a result, symmetric PSiO@Li||PSiO@Li cells
exhibited an excellent cycle life, exceeding 2,000 h of lithium stripping
and plating. The PSiO@Li||NCMgg cells revealed a substantially
enhanced rate capability and capacity retention with 304 cycles at 1C
until the capacity decreased below 80% of the initial value, compared to
only 74 cycles without the PSiO interlayer. Maybe even more remark-
ably, the average Coulombic efficiency was as high as 99.91%,
benefitting from the LiF and Li,SiOy enriched interphase close to the Li°
electrode and the absence of any pitting corrosion, which came along
with the penetration of LATP particles into the lithium electrode in the
case of the Li|[NCMgg cells. These benefits render the ultrathin PSiO
interlayer a very promising approach to stabilize the Li|LATP interface
and, thus, enable their commercial exploitation. To underline this, a
proof of concept 2-layer bipolar stacked cell was realized, showing very
good cycling stability and performance.

4. Experimental section

The preparation and handling of the PSiO@Li electrodes, LATP/
PVAF-TrFE dry films, LATP/PVAF-TrFE/MILE electrolytes, Li||Li cells,
PSiO@Li| |PSiO@Li cells, Li||[NCMgg cells, PSIO@NCMgg cells, bipolar
stacked cells, and all ex situ samples were always performed in the dry
room with a dew point of less than 60 °C at an ambient temperature of
20 °C.
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Fig. 5. (a) Schematic illustration of the B2 PSiO@thin Li||NCMgg bipolar stacked cell configuration; (b) cycling performance at 0.1C with a plot of the specific
capacity vs. the cycle number; (c) the corresponding dis-/charge profiles of the complete stack; (d) the evolution of the IR drop upon cycling; (e) photograph of the

B2_PSiO@thin Li|[NCMgsg cell powering a series of green LED lights.

4.1. Hybrid electrolyte preparation

The synthesis of Li; 3Alg 3Ti; 7(PO4)3 (LATP) and the preparation of
the LATP/PVdF-TrFE/MILE hybrid film was conducted as reported
earlier [9,20,35]. In brief, dry LATP/PVdF-TrFE membranes were pre-
pared using a phase inversion method with a mass ratio of 92:8. The
membranes were cut to a size of 1.5 cm x 2 cm. Then, 100 pL of MILE, i.
e., 0.3LiFSI-0.35Pyr;4FSI-0.35Pyr;4TFSI were added into the LATP/
PVAF-TrFE film. Afterwards, an ambient vacuum was applied to facili-
tate the infiltration of MILE into the pores of LATP/PVdF-TrFE film.
Excess MILE was squeezed out to avoid any free-flowing liquid elec-
trolyte. The maximum porosity of the LATP/PVAF-TrFE film, filled with
the MILE, was about 33%, suggesting a weight ratio of about 24%.

4.2. Preparation of PSiO-coated Li (PSiO@L1)

PSiO was synthesized according to a procedure described by Liang
etal. [21]. To prepare the PSiO@Li sample, the as-obtained PSiO powder
was dissolved in N-methyl-2-pyrrolidone (NMP; Aldrich) with a con-
centration of 0.5 wt%. A piece of Li® with a thickness of 500 pm (Honjo;
herein simply referred to as ‘Li’) or a piece of Li® with a thickness of 20
pm deposited on Cu foil (Honjo; herein referred to as ‘thin Li’) was
immersed in the PSiO in NMP solution for 4 min. Subsequently, the
residual NMP was immediately removed under vacuum to obtain the
PSiO-coated Li (PSiO@Li).

4.3. Electrode fabrication and cell assembly

To prepare the LiNip ggCop.09Mng 0302 (NCMgg) positive electrodes,

firstly, 92 wt% of NCMgg (POSCO), 4 wt% of C-NERGY Super C65
(Imerys) and 4 wt% of polyvinylidene difluoride (PVdF; Solvay 6020)
were mixed with an appropriate amount of NMP using a slurry mixer.
The doctor-blade technique was adopted to cast the above-obtained
slurries on battery-grade Al foil. The as-obtained wet electrode sheets
were pre-dried in an oven at 60 °C. Afterwards, electrode disks (®: 12
mm) were punched out of these pre-dried sheets and then transferred
into a Biichi for vacuum drying (pressure: 10 ° mbar; temperature:
100 °C; time: 12 h). All the electrodes were pressed at 10 t for 10 s to
flatten the electrode surface, reduce the electrode porosity and improve
the contact between the electrode and the current collector. The average
NCMgg mass loading was 2.5 + 0.1 mg cm 2.

Symmetric Li||Li and PSiO@Li||PSiO@Li cells were assembled in
two-electrode pouch cells using Ni as the current collector. The current
density for Li stripping-plating tests was fixed at 0.1 mA cm 2 and the
specific areal capacity of each cycle was fixed at 0.2 mAh cm 2 The Lil|
NCMgg and PSiO@Li||[NCMgg mono-layer cells were also assembled in
two-electrode pouch cells using Ni and Al as the current collector for the
counter electrode and the working electrode, respectively. The voltage
range was set to 3.0-4.3 V. The bipolar stacked cells were assembled in
two-electrode Swagelok-type cells. The voltage range was set to 6.0-8.6
V.

For both kinds of cells, a dis-/charge rate of 1C corresponds to a
specific current of 200 mA g !. The testing temperature was always
fixed at 20 °C in a climatic chamber (Binder). For the evaluation of the
rate capability, the cells were initially cycled at 0.05C for one formation
cycle, and then subjected to five cycles at various C rates spanning from
0.1C to 1C before getting back to 0.2C. For the cycling performance test,
the cells were cycled at 0.05C for one cycle and at 0.1C for three cycles
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before subjecting them to 500 cycles at 1C. The bipolar stacked 2-layer
cells were cycled for one cycle at 0.05C and 30 cycles at 0.1C.

4.4. Physicochemical and electrochemical characterisation

The morphology of all samples was examined by scanning electron
microscopy (SEM; ZEISS EVO MA 10). The true density of PSiO was
determined using an Ultrapyc 1200e Automatic Gas Pycnometer.
Neutron depth profiling (NDP) was performed on the PSiO@Li samples
to measure the thickness of the PSiO coating. NDP is a neutron ab-
sorption analytical technique having a high detection sensitivity for °Li
isotope from the 6Li(n,oc)sH nuclear reaction. The interaction of each
neutron with a °Li isotope creates a triton (®H) and an alpha o (“He)
particle with well-defined formation energies. As these charged particles
travel to the surface of the sample, they lose energy. Using surface-
barrier detectors, these energy losses are measured and the °Li loca-
tion, where the nuclear reaction took place, is calculated. For this
calculation, the density and composition of the sample through which
they pass before emerging from the sample surface has to be considered.
For the corresponding experiments, the pristine and coated Li foils
(Honjo; battery grade, 50 and 300 um thickness) were placed within the
vacuum chamber of the NDP spectrometer at the CANAM NPI beamline
of the LVR15 research reactor in Rez, operating at a reactor power of 10
MW. The NDP spectrum of °Li was measured with a single-mode setup
utilizing an FDD solid state Canberra detector, Canberra preamplifiers
and a Multi-Channel Analyzer. For these measurements, a typical energy
resolution was about 2.5 keV per channel. The detector-sample solid
angle was set to 10 2 rad, which allowed to measure the alpha and triton
particles with a counting rate of several tens of particles per second. A
2.8 um thick Macrofol film was placed between the sample and the
detector to separate the alpha and triton signals and increase the reso-
lution of the triton signal. The mass thickness plot was derived from the
energy loss plot of the generated alpha and triton particles by assuming a
uniform material composition (elemental composition and density) and
distribution of Li for the calculation using the SRIM (Stopping and Range
of Ions in Matter) software [48]. Fourier-transform infrared (FT-IR)
spectroscopy was performed utilizing a Perkin Elmer UATR Two. X-ray
photoelectron spectroscopy (XPS) was conducted using a mono-
chromatic Al Ka (hv = 1,487 eV) X-ray source and a Phoibos 150 XPS
spectrometer (SPECS-Surface concept) equipped with a micro-channel
plate and Delay Line Detector (DLD). The scans were acquired in a
Fixed Analyser Transmission mode with an X-ray power source of 200 W
(15 kV), a pass energy of 30 eV and 0.1 eV energy steps. The depth
profiling was performed by a focused Ar' gun operating at 5 keV with an
ion filter and sputtering rate of 0.8 nm min . The CasaXPS software was
used for fitting the spectra, using a nonlinear Shirley-type background
and 70% Gaussian and 30% Lorentzian profile functions, except for the
hydrocarbons (-C-C—/-C-H-) for which an asymmetric peak-shape was
employed. All the electrochemical performance tests on the mono-layer
cells were conducted with Maccor Series 4000 battery tester. The gal-
vanostatic cycling of the bipolar stacked 2-layer cells was carried out
using a multi-channel potentiostat (VMP BioLogic). Electrochemical
impedance spectroscopy (EIS) was performed with the same instrument.
The frequency range was set to 1 MHz 10 mHz and the AC amplitude
was 10 mV. Linear sweep voltammetry was conducted to determine the
electrochemical stability of the hybrid electrolyte in PSiO@Li||SS cells.
The scan rate was set to 0.5 mV s ! and the temperature was set to 25 °C.

To prepare the samples for the ex situ SEM and XPS analysis, the
cycled electrodes were recovered by disassembling the cycled Li||[NCMgg
and PSiO@Li|[NCMgg cells (500 cycles at 1C) in the dry room, washing
the electrodes with dimethyl carbonate (DMC) to remove the MILE, and
subsequent drying under vacuum to get rid of any residual DMC. In
order to avoid any contact with moist air, the ex situ samples were
transferred via airtight SEM and XPS transfer boxes.
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