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ABSTRACT: The garnet-type LisLa;Zr,O1, (LLZO) ceramic solid electrolyte combines high Li-
ion conductivity at room temperature with high chemical stability. Several all-solid-state Li
batteries featuring the LLZO electrolyte and the LiCoO, (LCO) or LiCoO,-LLZO composite
cathode were demonstrated. However, all batteries exhibit rapid capacity fading during cycling,
which is often attributed to the formation of cracks due to volume expansion and the contraction
of LCO. Excluding the possibility of mechanical failure due to crack formation between the
LiCoO,/LLZO interface, a detailed investigation of the LiCoO./LLZO interface before and after
cycling clearly demonstrated cation diffusion between the LiCoO, and the LLZO. This
electrochemically driven cation diffusion during cycling causes the formation of an amorphous
secondary phase interlayer with high impedance, leading to the observed capacity fading.
Furthermore, thermodynamic analysis using density functional theory confirms the possibility of
low- or non-conducting secondary phases forming during cycling and offers an additional
explanation for the observed capacity fading. Understanding the presented degradation paves the

way to increasing the cycling stability of ceramic all-solid-state Li batteries.

1. INTRODUCTION



All-solid-state Li batteries (ASSLBs) are a promising solution to overcome the limitations of
conventional Li-ion batteries such as low temperature stability, limited safety, and modest energy
storage capacity.!* Among the ceramic-based solid electrolytes,> >1° the LizLa3;Zr012 (LLZO)
garnet has attracted the attention of researchers and engineers. LLZO exhibits high Li-ion
conductivity (increased via doping by Al and Ta), a broad electrochemical window, and stability
against lithium.!">* ! Significant progress has been achieved in the development and operation of
Li batteries with a LLZO electrolyte, a LiCoO, (LCO) cathode, and a Li anode.!!"!* Nevertheless,
the fabrication of reliable LCO|LLZO half-cells remains a challenging task.! -3 Moreover, little
is known about the properties of the LCO/LLZO interface upon processing and operation,
including the development of its microstructure, phase composition, and charge transfer.!6!?

A high sintering temperature is typically needed to achieve the required mechanical stability and
Li-ion conductivity of LLZO-based half-cells.!®!® However, long-term exposure to elevated
temperature with conventional free sintering causes atomic interdiffusion with the formation of
secondary phases.?*?* The formation of these secondary phases results in the enhanced impedance
of LLZO-based ASSLBs. Thus, a high sintering temperature and a long free sintering time is an
essential obstacle to the fabrication of durable ceramic Li batteries."-* LCO|LLZO half-cells with
a relatively low impedance can be successfully fabricated at low sintering temperatures and
without sintering additives using the pressure-supported field-assisted sintering technique, also
known as spark plasma sintering (FAST/SPS).?*?° The interfacial reactions during FAST/SPS can
be suppressed or significantly diminished due to the short processing time and the reduced
sintering temperature.

The literature offers several examples of LCO|LLZO-based batteries.":* However, a drawback

of LCO|LLZO-based ASSLBs is their fast capacity fading during cycling. For instance, Tsai et al.



reported a loss of storage capacity from 1.8 mA h cm?to 0.4 mA h cm™ (i.e. a 4.5-fold loss) within
100 cycles at 50 pA cm™.26 Ohta et al only reported one example of LLZO-based ASSLBs that
did not exhibit any significant capacity drop within 100 cycles.?” However, the applied current
density (10 pA cm) was too small for practical application.?®

Several phenomena have been discussed as a reason for capacity fading (Figure 1). The volume
variation of LCO is often considered as a reason for the LCO/LLZO interface failure and low
cycling stability (Figure 1b).! * 2> The volume change of LCO during lithiation/delithiation is
around 2 vol.%. Large volumetric variation can lead to the formation of microcracks in the vicinity
of the LCO/LLZO interface.” In addition, the crystal structures of LCO and LLZO are different.
LCO typically has arhombohedral structure with lattice parameters of a=2.87 A and c= 14.05 A,*°
while the crystal structure of LLZO is cubic with a=12.95 A-12.97 A.” This difference might be
another reason for the failure of the LCO/LLZO interface.’!-?

Another possible explanation for the low cycling stability of ASSLBs might be the
electrochemical degradation of cathode/electrolyte/anode interfaces during lithiation/delithiation
(Figures 1c-¢). Although LLZO is believed to be stable up to 6 V vs. Li/Li", recent theoretical
calculations suggest that LLZO oxidation occurs already at 2.9 V vs Li/Li" with the formation of
poorly conductive secondary phases such as La,Zr,07 and La,03.2%33 At the same time, the onset
of LLZO oxidation is not experimentally observed up until 5.0 V vs. Li/Li", which is higher than
the theoretically predicted value. This discrepancy was attributed to the high oxidation
overpotential of LLZO due to kinetic limitations.** The kinetic limitations can be lower if LLZO
is in contact with certainother materials. For example, Jalem et al. reported the acceleration of
LLZO decomposition by carbon starting at 3.6 V vs. Li/Li" with the formation of low-Li and low-

oxygen LLZO, CO», and Li»CO3.3*
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increase of LCO/LLZO interfacial impedance: (b) LCO volume change and mechanical
degradation; (c) chemical or electrochemical degradation of LLZO, (d) LCO, or (e) both with the

formation of secondary phases.

Besides LLZO, the electrochemical degradation of LCO can also cause capacity loss (Figure 1d).
Wang et al. reported a drop in capacity caused by the disordering of the LCO/LiPON (lithium
phosphorus oxynitride electrolyte) interface.>° The disordering of LCO accompanied by a phase
transformation can significantly diminish the ionic and electronic conductivity of LCO and its
storage capacity.’® 37 The rhombohedral crystal structure of LCO has a practical specific capacity
of 140 mA h g'*® while other LCO structures have a smaller one. The transformation of
rhombohedral LCO to disordered LCO with reduced ionic and electronic conductivity leads to a
significant loss in capacity. Furthermore, Otoyama et al. reported that the inhomogeneous state of
charge (SoC) for LCO in a LCO-Li2S-P2Ss composite cathode causes the inhomogeneous
expansion/contraction of LCO, structural disordering, and interface fracturing.’®

Finally, the possibility cannot be excluded that the stability of the LCO/LLZO interface depends

).39

on its lithiation state (Figure 1e).”” For instance, using an atypical charge cycle of LCO between

3.0 Vand 3.8 V vs. Li/Li", Park et al. reported the electrochemical degradation of the LCO/LLZO



interface.””> However, the following structural characterization of electrochemically cycled
LCO/LLZO interfaces did not show the existence of degradation products. Thus, experimental
evidence of electrochemical decomposition in the LCO/LLZO pair is not yet available. The
decomposition can be difficult to validate if the processing-induced secondary phases overlap with
the products of electrochemical degradation.?® 3340

In our study, we aimed to gain an understanding of the possible degradation mechanisms of the
LCO/LLZO interface during cycling. The high-pressure FAST/SPS technique enabled the
fabrication of LCO|LLZO half-cells with a chemically clean interface that is not affected by the
processing-induced reaction products. Besides the plain LCO|LLZO pair, the half-cells with the
LCO-LLZO composite cathode (LCO-LLZO|LLZO) were investigated. The 50/50 (wt.%)
proportion between LCO and LLZO ensured the phase percolation through the bulk of the LCO-
LLZO composite as well as both electronic and ionic conductivity. The composite cathode with
an enlarged number and total length of the LCO/LLZO interface provided a suitable model system
to study microstructural integrity and phase composition during cycling. Electrochemical
impedance spectroscopy (EIS) in combination with the detailed structural characterization enabled

an analysis of the mechanisms causing the interface degradation. This study can be helpful in

gaining a deeper understanding of processes on the cathode/electrolyte interface in ASSLBs.

2. MATERIALS AND METHODS

Materials synthesis. Details on the synthesis of the LLZO:Ta (Lis.4s5Alo.0sZr1.6Tao.4012) solid
electrolyte and preparation of the LCO-LLZO:Ta mixture can be found elsewhere.?**!' The starting

powders and LCO-LLZO:Ta mixture were stored in an Ar-filled glovebox (< 0.1 ppm H20 and

02).



Cell fabrication. The LCOILLZO:Ta and LCO-LLZO:TalLLZO:Ta half-cells were fabricated by
high-pressure FAST/SPS as described in our previous paper.’? The same sintering parameters
(temperature, pressure, and dwell time) were used. The possible carboreduction of LCO and
LLZO:Ta during FAST/SPS was eliminated through the use of a carbon-free tool made of TZM
(Mo-based alloy), the application of high mechanical pressure (440 MPa), and a low sintering
temperature (750 °C). The absence of carboreduction was demonstrated by the white color of the
LLZO:Ta pellets after FAST/SPS sintering.?®> The sintered half-cells, after polishing with SiC
sandpaper, were annealed in air at 1050 °C for 30 min and then polished again. The half-cells were
sputter coated with Au for 150 s (Cressington 108) on the cathode side to form the current collector
and for 30 s on the LLZO:Ta side to improve the adhesion with the anode. For the anode, an In-Li
composite foil was mechanically attached on the LLZO:Ta side. An In-Li anode exhibits a more
stable cycling behavior and lower dendrite formation compared to the Li anodes and is stable for
the electrochemical characterization parameters used.** To improve the contact between the half-
cell and the In-Li anode, the cells were heated to 200 °C, i.e. above the melting point of the In-Li
anode, and then cooled down. The assembled full cells were placed into spring-compressed (10 N)
Swagelok cells and sealed. The architecture of the full cells with the plain and composite cathode
is schematically shown in Figure 2. All cells had a diameter of 12 mm and a thickness of around
0.5 mm.

Three types of cell were manufactured. The cells of the first type consisted of a plain
LCOILLZO:Ta half-cell and an In-Li anode. The second type of cell included a 35-um-thick
composite LCO-LLZO:Ta cathode, an LLZO:Ta separator, and an In-Li anode. The third type

included a 170-um-thick composite cathode. The cells with different thicknesses for the composite



cathode enabled a comparative study of the samples with different amounts and different total

lengths of the LCO/LLZO:Ta interface.

I v

: LLZO:Ta
! § >
A &

s
303 LCO/LLZO:Ta
¥,

A

Figure 2. Cross-section and schematic overview of full cells used in this work: (a) with plain LCO
cathode, and (b) with LCO-LLZO:Ta composite cathode. The dark areas are LCO and the light

areas are LLZO:Ta.

Electrochemical characterization. Full cells were placed in a VT 4002EMC climate chamber
(Votsch Industrietechnik) and heated up to 80 °C. The electrochemical measurements were
conducted using a BioLogic VMP-300 Potentiostat. EIS was performed in an AC field with an
amplitude of 10 mV and frequencies ranging from 3 MHz to 0.1 Hz. The impedance spectra were
fitted using the ZView software (Scribner). Long-term cycling was conducted using constant
current/constant voltage (CC-CV) mode. The cells were charged to 3.6 V vs. In-Li (i.e., 4.2 V vs.
Li/Li*) with a constant current density of 50 pA cm and maintained at a voltage of 3.6 V vs. In-
Li until the current dropped to 10 pA cm™. The discharge of cells was performed with a constant

current density of 50 pA cm™ until 2.8 V vs. In-Li.

Microstructural characterization. The microstructure was studied by means of scanning
electron microscopy (SEM, Zeiss Ultra55). The SEM/EDX (energy dispersive X-ray
spectroscopy) analysis was performed with an X-Max detector (80 mm?, Oxford Instruments). The
data were analyzed using the Inca software. The samples for transmission electron microscopy

(TEM) were cut off in an FEI Helios NanoLab G3 CX instrument and transferred to a carbon lacey



TEM grid by a micromanipulator. The TEM images were recorded with a JEM-2100F (JEOL)
electron microscope at 200 kV. The selected area electron diffraction (SAED) patterns were
obtained using a parallel incident electron beam with a diameter of several microns. A diffracted
area of the specimen was chosen with a selected-area aperture located in the image plane of the
objective lens. Thus, the SAED patterns were collected from the LCO and LLZO:Ta side and their
interface. TEM/EDX analysis was performed with a field emission gun equipped with a 1.2 nm
electron probe. The results were analyzed with the Inca software. Phase analysis was performed
by X-ray diffraction (XRD) using a D4 ENDEAVOR (Bruker) device equipped with a 1D detector
(LYNXEYE). The 260 angle varied from 10° to 80° with a step size of 0.02°. The Bragg—Brentano
configuration and Cu Ka radiation were used.

Interface modeling. Thermodynamic modeling was performed to estimate the possibility of
secondary phase formation between LCO and LLZO in charged states. To this end, the Al-doped
cubic LLZO (Al-LLZO, only Al substitution was used to simplify the calculation) and all possible
competing compounds in the Li-La-Zr-O-Co-Al-Ta set were calculated by means of the density
functional theory (DFT) using the Vienna Ab initio Simulation Package (VASP).** The electron—
ion interactions were evaluated by the projector augmented wave (PAW) method,* with the
diffusion-correlation functional within the generalized gradient approximation of Perdew—Burke—
Ernzerhof.*> We employed Hubbard U values of 3.32 eV for Co and -1.843 eV for its
corresponding formation energy correction, which were obtained by fitting the formation
enthalpies to experimental results as described in the work by Jain et al.*® All atomic coordinates
were relaxed until the Hellmann—Feynman force on each atom was less than 0.01 eV/A and the

total energy difference was smaller than 10~ eV. The wave functions were built from plane waves



with a maximum energy cutoff of 520 eV, which was tested for accuracy. The k-point mesh was

set up at 2x2x2 for the AI-LLZO supercell in the Monkhorst—Pack scheme.

3. RESULTS

Cycling. Figure 3a shows the first 60 cycles of an ASSLB with a 35-um-thick LCO-LLZO:Ta
composite cathode. The first charge reveals an area-specific capacity of 1.15 mA hcm™
(Figure 3b). After the first discharge, the residual capacity was 0.9 mA h cm™. A difference in
capacity of 10-20 % is typical for the first cycle of garnet-based ASSLBs.? The first coulombic
efficiency was only 78 % but increased rapidly to around 97 % within 15 cycles. The areal capacity
of the cell in question stabilized after around 45 cycles at 0.3 mA h cm™. In comparison, the plain
LCO-cathode configuration has a much lower areal capacity of 0.03 mA h cm™ (Figure S1). This
value is in line with the data reported by other authors.*3- %

As expected, the increase in thickness of the LCO-LLZO:Ta composite cathode results in a
higher areal capacity. Figure 3¢ shows the cycling results for a cell with a thick LCO-LLZO:Ta
composite cathode (170 pm). The first charge was 6 mA h cm™? (Figure 3d). After the first
discharge, the cell revealed a significant capacity loss of nearly 2 mA h cm™. The related discharge
capacity was 4 mA h cm™ and the initial coulombic efficiency was 66 %, which is much lower
than for the cell with the thin LCO-LLZO:Ta composite cathode (78 %). Within the first four
cycles, the coulombic efficiency increased to 85 % in the thick LCO-LLZO:Ta composite cathode.
However, in the fifth cycle, a coulombic efficiency of just 75 % was achieved.

In summary, the cell with a thick LCO-LLZO:Ta composite cathode showed much larger

degradation than the cell with a thin composite cathode. This can be attributed to the larger amount

and total length of the LCO/LLZO:Ta interfaces in the thick composite cathode. This observation
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is an important indicator of the crucial influence of interface degradation on the performance of

ASSLBs.
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Figure 3. (a, ¢) Charge/discharge curves; (b, d) capacity and coulombic efficiency for (a, b) cells
with a thin LCO-LLZO:Ta cathode and (c, d) a thick LCO-LLZ:Ta cathode. The first charge is

shown in red.

Impedance. Figures 4a and b show the Nyquist plot for electrochemical impedance measured
at 80°C for cells with a plain and a thick LCO-LLZO:Ta composite cathode. Both Nyquist plots
show the semicircle at high frequencies attributed to the total (bulk, and grain boundary) resistance
of the electrolyte, and the stretched semicircle in the mid- to low-frequency range. The latter
semicircle in ASSLBs is typically interpreted as a superposition of individual impedances of the
anode and cathode.” Figure 4c shows the equivalent circuit used for fitting of impedance spectra.

For the LCO|LLZO:Ta|In-Li cell with a plain LCO cathode (Figure 4a), a bulk resistance of

33 Q cm? and a grain boundary resistance of 44 Q cm? were found after the first charge (Table 1).
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These values are similar to the impedance of an individual LLZO:Ta layer, which revealed a bulk
resistance of 22 Q cm? and a grain boundary resistance of 51 Q cm? (Figure S2). The LLZO:Ta
impedance in the LCO|LLZO:Ta|In-Li cell increased slightly after the fifth charge. While the bulk
impedance of LLZO:Ta remained the same, indicating the stability of the LLZO:Ta grains, the
grain boundary contribution increased slightly to 47 Q cm? after five charges. Since the
LCOI|LLZO:Tal|In-Li cell has geometrically well-defined interfaces, the impedance of the negative
and positive electrode can be considered to be the interfacial impedance of the respective electrode.
The fitting of the associated semicircle in the frequency range from 5 kHz to 100 mHz resulted in
an impedance of 195 Q ¢cm? for the LCO/LLZO:Ta interface after the first charge, which increased
to 260 Q cm? after the fifth charge. Compared to the LCO/LLZO:Ta interface, the impedance of
the LLZO:Ta/In-Li interface is much lower at just 25 Q cm? after the first charge. The anode
impedance even decreased after cycling, reaching 15 Q cm? after the fifth charge. The obtained
initial values are in good agreement with the reported interfacial impedance for LCO/LLZO:Ta
(around 170 Q cm? at RT) and for the LLZO:Ta/In-Li interface (25-28 Q cm? at RT).” Thus, the
observed increase of impedance in the LCO|LLZO:Talln-Li cell can be attributed to the
degradation of the LCO/LLZO:Ta interface.

The Nyquist plot for the LCO-LLZO:Ta|LLZO:Ta|In-Li cell with a composite cathode appears
qualitatively similar. However, its total impedance was significantly higher (Figure 4b). The
values of bulk and grain boundary resistance (35 Q cm? and 79 Q cm?, respectively) are only
slightly higher than those for the LCO|LLZO:TalIn-Li cell (Table 1). It is worth noting that the
bulk LLZO:Ta resistance remained constant during cycling, while the grain boundary resistance
increased after five charges from 79 Q cm? to 112 Q cm?. The major increase in total impedance

results from the impedance of the cathode/separator interface, which increased by over 70 % from

12



an initial 1081 Q cm? to 1854 Q cm? after five charges. We can assume that the larger
LCO/LLZO:Ta interface area (normalized on the geometric area) in the composite cathode leads
to increased interfacial impedances. This statement is supported by Song et al., who reported an
increase in total interfacial impedance for cathodes with an enhanced thickness.*' In addition, the
larger amount of interface in the LCO-LLZO:Ta cathode resulted in a significantly higher increase
in impedance after cycling compared to the plain LCO cathode. The increase in impedance might

be a result of the mechanical or electrochemical degradation of the LCO/LLZO:Ta interface.
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Figure 4. Nyquist plot after first and fifth charge for cells with (a) a plain LCO cathode and with
(b) a LCO-LLZO:Ta composite cathode. In the equivalent circuit (c): L is the inductance, R is the

ohmic resistance, and CPE is the constant phase element.

Table 1. Fitted areal resistivity (Q cm?) for cells with a plain LCO and a thick LCO-LLZO:Ta

composite cathode after first and fifth charge.
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LCO LCO-LLZO:Ta

Place

1% charge 5t charge 1% charge 5™ charge
Bulk 33 33 35 35
Grain boundary 44 47 79 112
LCO/LLZO:Ta 195 260 1081 1854
LLZO:Ta/In-Li 25 15 25 15

4. DISCUSSION

Mechanical degradation. Mechanical degradation due to volume variation during
lithiation/delithiation is the most common explanation for capacity fading in LCO-based cathodes
(Figure 1b).> *5% In our previous paper, we observed the formation of cracks in porous LCO-
LLZO:Ta cathodes with a porosity of about 20 %.%° We observed several micrometer-sized cracks
between the LCO and LLZO grains as well as the intragranular fracturing of LCO after cycling.
However, in this work we did not find any traces of mechanical degradation either before or after
cycling in dense LCO-LLZO:Ta cathodes fabricated by FAST/SPS. The SEM images in Figures
5a and b show that the LCO-LLZO:Ta composite cathode was dense and did not have any
mechanical defects either before or after cycling. The images with lower magnification
demonstrate the homogeneous microstructure of LCO-LLZO:Ta composite cathodes with a
density of around 95 % (Figure S3). In general, the SEM images confirm the homogeneous
distribution of LCO and LLLZO:Ta grains throughout the cathode. The interface between grains
appears sharp and well sintered, without visible reaction zones or microcracks (Figure 5a and
Figure S3a). The cycled LCO-LLZO:Ta composite cathodes showed the same morphology and
mechanical stability throughout the whole thickness (Figure 5b and Figure S3b). In contrast to

porous LCO-LLZO:Ta cathodes,”® no macro- or microcracks were observed for cycled dense

14



composite cathodes. We believe that a high density achieved via FAST/SPS is beneficial for the

mechanical stability of LCO-LLZO:Ta cathodes during cycling.

Figure 5. Cross-section of LCO-LLZO:Ta composite cathode (a) before and (b) after cycling. The
bright areas represent LLZO:Ta, the dark areas LCO; the pores are black. (c) The higher resolution
reveals the formation of bright rims in LLZO:Ta grains in contact with LCO after cycling (red
arrows). (d) High-resolution image of the same composite cathode shows the mechanical stability

of the LCO/LLZO:Ta interface after cycling.

The formation of nano-sized cracks can also be ruled out for the discussed LCO/LLZO:Ta
interface, as the TEM results (Figures 6a and d) do not show any cracks or other signs of

mechanical degradation. In conclusion, it is very unlikely that mechanical failure (if any) of the

15



LCO/LLZO:Ta interface is responsible for a 60 % loss of capacity in the LCO-
LLZO:Ta|LLZO:Ta|In-Li cell (Figure 3d), as this would mean the cracking of a similar amount of

interface, which was not observed either by SEM or by TEM (Figures 5 and 6).
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Figure 6. TEM images of (a) as-prepared and (d) cycled LCO/LLZO:Ta interface. (b) SAED
patterns of the LCO and LLZO:Ta phases for the as-prepared composite cathode and (e) after
cycling. Figure S4 shows the location of the investigated area. Figures 6¢ and f show the

TEM/EDX lines for the distribution of Al and Co across the interface.

To the best of our knowledge, this is the first time that the LCO/LLZO:Ta interface has been

proven to be mechanically stable during cycling. Understanding this phenomenon requires special

16



chemo-electric-mechanical analysis considering all associated properties of LCO and LLZO:Ta,
properties of the LCO/LLZO:Ta interface, the charging and discharging cycles, and probably the
thermal history of the interface. The obvious advantage of a FAST/SPS-sintered dense cathode
and interface over a free-sintered porous one is the absence of pores or the reduction in porosity.

Pores induce stress localization and promote the LCO/LLZO:Ta interface fracturing.*” >

Processing-induced degradation. Processing-induced degradation with the formation of a
secondary phase at elevated temperatures is another common explanation for storage capacity
fading.** 353 However, SEM and TEM analysis of the sintered samples (Figures 5 and 6) show
that a major part of the LCO/LLZO:Ta interfaces after FAST/SPS processing is chemically clean
and does not feature any reaction zones. It can therefore be concluded that the reaction products
might only form a few separated domains and not continuous interfacial layers (Figure 5a). Even
if the LCO/LLZO:Ta interface has a certain amount of the processing-induced secondary phase,
this phase cannot significantly affect the electrochemical performance of the investigated cells or
be responsible for a continuous loss of capacity and increase in impedance while cycling (Figures
3 and 4).

Electrochemical degradation. Although we did not see mechanical degradation of the LCO-
LLZO:Ta composite cathode and LCO/LLZO:Ta interface, the results of SEM and TEM
investigations (Figures 5 and 6) demonstrate the influence of cycling on the microstructure of
LCO, LLZO:Ta, and the LCO/LLZO:Ta interface. The changes are especially noticeable around
the LCO/LLZO:Ta interface. The SEM images reveal a contrast gradient in LLZO:Ta grains after
cycling. The LLZO:Ta grains, which initially have a uniform bright contrast (Figure 5b), exhibit a
bright rim of around 0.3 um at the interface with LCO after cycling (Figure 5c). The high-

resolution TEM observation prior to cycling reveals an ordered crystal structure of LCO and

17



LLZO:Ta grains with a sharp interface (Figure 6a). The selected area electron diffraction (SAED)
pattern for LLZO:Ta (Figure 6b) only shows the reflections corresponding to the polycrystalline
cubic LLZO:Ta with a lattice parameter of around 12.9 A. This value is in the range reported for
cubic LLZO (12.95 A-12.97 A)”. The ordered crystal structure was also found for LCO. The
SAED pattern in Figure 6b reveals the rhombohedral crystal structure (R3m) with lattice
parameters of a= 2.80 A and c= 13.99 A. These values are in good agreement with the data for
LCO in the literature (a= 2.81 A and c= 14.05 A)*°. TEM/EDX analysis shows the clear edge for
the distribution of Co and La on the LCO/LLZO:Ta interface (Figure 6¢ and Figure S5). The signal
for Al is hidden in the background (Figure 6c¢).

While LCO and LLZO:Ta grains have a crystal structure and a well-defined interface before
cycling, the cycled LCO/LLZO:Ta interface appears different (Figure 6d). The SAED patterns
exhibit an amorphous (disordered) LLZO:Ta microstructure in the vicinity of the cycled
LCO/LLZO:Ta interface, while the bulk retains the crystalline microstructure (Figure 6¢e). The
thickness of the disordered LLZO:Ta layer is around 0.1pm. This observation is in agreement with
the SEM images in Figures 5b and c. Disordered LLZO exhibits low ionic conductivity and might
form a Li-ion blocking layer covering the majority of the LCO/LLZO:Ta interface. > Disordering
of the LLZO:Ta layer is one possible explanation for the high interfacial impedance and fading
capacity, especially as the SAED cannot exclude the formation of a secondary phase within
disordered LLZO:Ta and a reduction of the Al molar amount within LLZO:Ta.

The LCO grains also exhibit a certain change after cycling. Although LCO retains the crystal
structure, two phases were detected by SAED after cycling. In addition to the parent rhombohedral
LCO, the SAED pattern shows some satellite peaks (Figure 6e). The lattice parameters of the

secondary phase are in good agreement with LCO substituted by Al (LCO: a= 2.814 A, ¢ =
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14.048 A vs. LiCo1xAlxO2: a=2.81 A, c=14.08 -14.10 A (x<0.2))*’. The presence of Al in LCO
after cycling was also detected via TEM/EDX (Figure 6f and Figure S6).

The TEM/EDX and — to a certain extent —- SEM/EDX of the LCO/LLZO:Ta interface reveal the
presence of Co within LLZO:Ta after cycling (Figure 6f, and Figures S6 and S7). A certain amount
of Al is also detected within LCO after cycling (Figure 6¢ and Figure S8). An interchange between
Al and Co atoms during cycling can be expected due to the same oxidation state (+3) and
comparable ionic radii (AI’": 67.5 pm, Co**: 68.5 pm). The increased average atomic mass of Co-
substituted LLZO:Ta in the vicinity of the LCO/LLZO:Ta interface explains the brighter contrast
in SEM and supports the TEM/EDX data. However, a certain amount of Co diffuses into the bulk
of LLZO:Ta (Figures 5b and c, and Figure S7). As the LiAlO; coating improves the cycling

38-39 we can assume that the formation of the LiCo1-xAlkO>

stability of the cathode active materials,
(x < 1) phase might be beneficial for LCO electrochemical properties. However, in garnet-based
ASSLBs, the electrochemical performance limitations result from LLZO and thus diminish a
possible improvement of LCO performance.*’ The diffusion of cobalt into LLZO is commonly
considered to be a negative side effect during the high-temperature processing of the LCO-LLZO
couple.® 7% However, in FAST/SPS sintered samples, we did not observe the brighter spots in the
LLZO:Ta area before cycling (Figure 5a). The low-temperature FAST/SPS clearly prevents
elemental diffusion during sintering.>> However, Al and Co diffuse during cycling and lead to an
increase in interfacial impedance. This may be related (at least partly) to the stresses appearing
around the LCO/LLZO:Ta interface during cycling. As the stresses are not released by fracturing
of the LCO/LLZO:Ta interface, the secondary phase formation can occur with Co diffusion into

the LLZO:Ta lattice.®’ %> The Co ions within the LLZO:Ta can be considered to be

electrochemically active with the change of its oxidation state (+3 and +4) while cycling. The
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oxidation state changes cause the change of Co ionic radii and disordering within LLZO:Ta. As
disordered LLZO has low Li-ion conductivity, a Li-ion blocking layer forms at the LCO/LLZO:Ta
interface during cycling. In addition, the loss of Al substitution in LLZO:Ta can lead to the
formation of the tetragonal LLZO:Ta with low ionic conductivity or other even non-Li-ion
conductive secondary phases.?> %

To gain further insight into the phase composition, XRD patterns at various locations of the
LCO-LLZO:Ta composite cathodes were recorded before and after 5 cycles in the discharged state
(Figures S9 and S10). The as-prepared LCO-LLZO:Ta composite cathode shows sharp reflections
corresponding to a mixture of crystalline LCO and LLZO:Ta phases. A similar XRD pattern
revealed the back side of the cycled composite cathode. To access the area closer to the separator,
a layer of composite cathode was removed by polishing (Figure S10). However, we did not find
new reflections related to decomposition products in this part of the LCO-LLZO:Ta cathode. Thus,
if any decomposition of LCO or LLZO:Ta occurs, it is in a thin layer at the LCO/LLZO:Ta
interface, as indicated by TEM analysis (Figure 6). For LCO, Rietveld analysis revealed an
unchanged crystal structure throughout the LCO-LLZO:Ta composite cathode (back: a=2.815 A,
c=14.06 A and interface: a=2.817 A, c= 14.06 A). These values are in good agreement with the
data reported for LCO (a=2.81 A, c=14.05 A)**. However, the Al substitution seen in TEM/EDX
(Figures 6c to f) is hardly detectable by XRD due to similar lattice parameters of LCO and LiCo;.-
xAlyO2 (LiCo1xAlO2: a =2.81 A, ¢ =14.08 -14.10 A, and x < 0.2) ",

In LLZO:Ta, a significant decrease in crystalline domain size from 90 nm to 20 nm was found via
Rietveld analysis for the interface region. This supports the SAED-observed disordering of
LLZO:Ta after cycling (Figure 6d). The smaller crystalline domain size and the structural changes

result in the enhanced total length of the LLZO:Ta grain boundaries and in the disordering of the
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microstructure. Both these factors contribute to a decline in ionic conductivity in LLZO:Ta.®* The
XRD patterns of the non-cycled LCO-LLZO:Ta composite cathodes are consistent throughout the
entire thickness range (Figure S9). This excludes the preparation procedure as a source of structural
disordering. Hence, the decrease in crystalline domain size observed by XRD in cycled LLZO:Ta
can be attributed — as an exception — to an electrochemically induced phenomenon.

One of the reasons for the LCO/LLZO:Ta interface change could be the electrochemical
decomposition of LLZO:Ta at potentials of above 2.9 V (vs Li/Li*) as calculated by Han et al.?8
This scenario is unlikely as the suggested degradation products were not found, which is likely
due to the high oxidation overpotential of LLZO (above 5.0 V vs Li/Li") or due to kinetic
limitations.** In addition, the bulk impedance of LLZO:Ta remains constant during cycling and
only the grain boundary impedance increases. This observation suggests an alteration of only the
grain boundaries (Figure 4 and Table 1).

Thermodynamics of interfaces. Since the interdiffusion of Al and Co ions after cycling
appeared over the LCO/LLZO:Ta interface, we can state that both LCO and LLZO:Ta change the
chemical composition in the vicinity of the LCO/LLZO:Ta interface. To analyze possible reasons
for the interface change, we calculated the reaction energy for the possible formation of secondary
phases, assuming the mobility of the Al and Co ions. Since no decomposition products of LLZO:Ta
were detected at the LCO/LLZO:Ta interface, the simulation was used to support the assumption
of Al and Co diffusion. The Al and Co diffusion between LCO and LLZO:Ta during thermal
processing has been reported previously and was regarded as a reason for high interfacial
impedance.?? However, in this work, the Al and Co diffusion was more a result of electrochemical

cycling.
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Using the DFT calculation, the reaction energies of LCO and Al-LLZO (Lis.625Al0.125La3Z12012)
against their competing phases were calculated to evaluate the LCO/AI-LLZO interfacial stability
in relation to the LCO lithiation state. Applying the condition of thermodynamic stability (lowest
formation energy of a constituent), and the self-developed MATLAB code to competing
compounds of the Li-La-Zr-O-Co-Al-Ta system (Table S1), the interfacial reaction energy was

calculated at different states of charge (SoC) (Figures 7 and S11).

LiCoO,

Reaction energy (meV/atom)

80 Liy 75C00,
-100 Lip<CoO, _
-120 ‘ \
Co0, AI-LLZO
-140

LCO 0.1 0.2 03 04 05 0.6 0.7 0.8 09 AI-LLZO

Molar fraction

Figure 7. LCO vs. AI-LLZO pseudo-binary phase diagram at different states of charge. Blue

circles indicate the possible decomposition products.

The reaction energy is strongly dependent on the SoC. The energy becomes much lower in the
half-charged state compared to the discharged state. This shows that low conductive interphases
formed more easily in the charged state. The corresponding competing phases for various SoCs
are listed in Table 2 (with more details in Table S2). In particular, the diffusion of Al from Al-
LLZO into LCO takes place with reaction G stabilizing LLZO and Al-LCO at the interface. Based
on the results in Table 1 and Table S3, Al substitution can be predicted in LCO at every SoC. This

is in good agreement with our experimental observation (Figures 6¢, S6, S7).
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As secondary phases were not experimentally seen between AI-LLZO and LCO after processing
(i.e. in the fully discharged state), we can assume that the formation of secondary phases is
kinetically hindered. This can also be justified by the fact that the calculated total energies of
products A, B, and C are only slightly lower than those of reactants in the fully discharged state,
namely AI-LLZO and LiCoO». However, our DFT calculation shows that the products of reaction
G are significantly more favorable than their corresponding reactants, namely AI-LLZO and the
half-charged LCO, demonstrating that the formation of low- or non-Li-conductive secondary
phases becomes more possible with cycling. For Ta and Al co-substituted LLZO
(Lis.2sAlo.12sLasTao375Zr1.625012), a similar result is expected with the appearance of new
competing phases such as La3TaO7 and LisTaOs. It is worth mentioning that La and Ta are heavy
elements that are presumed to be immobile in the system. Thus, their related compounds are
unlikely to form at the interface.

Table 2. Thermodynamically possible phases at the LCO/AI-LLZO interface for different states
of charge from fully discharged (LiC0O>) to half-charged (Lio.sC00O2), as shown in Figure 7.

Interface ID Competing phases
LiCoO»|Al-LLZO A AI-LCO, LLZO, La;Zr>07, LisCoO4, LaCoO3
B AI-LCO, LLZO, LayZr;07, LisCoO4, LasAl,O9
Lio.75C002|Al-LLZO C LLZO, LiAlOy, LasAl>09, LasZr207, LisCoO4
D AI-LCO, LayZr,07, LisCo0O4, LaCo00O3, LicC00O4, L17C05012
E Al-LCO, LLZO, La;Al,00, La;Zr207, Li2CoO3, LaCoOs
F  LLZO, LiAlO2, LasAl,09, LazZr,07, LisCoO4, Li2CoO3
Li0.5C00,|Al-LLZO G AI-LCO, LaZr07, Li2Co03, LaCo03, Li7C05012, CoO2
H LLZO, LiAlO,, LasAl,09, LaZr,07, LisCoO4, Li2CoO3
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Summary and Outlook. As we did not observe mechanical degradation, the reversible cycling
of LCO/LLZO:Ta can be assumed. However, the results of electrochemical characterization,
material characterization of the interface, and the modeling results clearly demonstrate the
electrochemically driven degradation of the LCO/LLZO:Ta interface. The interface degradation is
caused by phase composition modification on both LLZO:Ta and LCO sides due to Co and Al
substitution and amorphization. The observed participation of Al-substitute ions from LLZO:Ta
in the electrochemically driven phase transformation processes is surprising. This occurrence has
not been considered before. Our calculations and experimental observations suggest that aluminum
— although not redox-active — plays a significant role in observed phase transformations, enabling
the migration of Co ions in the LLZO:Ta phase. However, it is also possible that Co migrates into
LLZO:Ta and replaces three Li ions. This would allow more Co diffusion into LLZO:Ta than if
only by the replacement of Al ions. The enhanced diffusion of Co can significantly accelerate the
degradation of the LCO/LLZO:Ta interface.

Applying an interfacial layer could mitigate the observed degradation. However, the interlayers,
such as LiBO;3 or LiNbO3, could cause high impedance and limit electrochemical performance due
to relatively low Li-ion conductivity.®* %7 A thorough interface layer design is needed to prevent
the degradation of the LCO/LLZO:Ta interface, while retaining good Li-ion conductivity. Another
approach would be the replacement of the cathodic material. A feasible alternative could be
Li,Ni:Mn,Co.0> (NMC) with a reduced Co content or Co-free materials such as LiNigsMn;.504
(LMNO) or LiFePO4 (LFP). However, the optional interlayers or a different CAM-LLZO:Ta pair
require a detailed study before a conclusive answer can be provided on their resistivity against

degradation.

5. CONCLUSIONS

24



In the present study, the degradation of the LCO/LLZO:Ta interface during electrochemical
cycling was studied. The study was performed on the plain LCO|LLZO:Ta|In-Li cell and on the
cell with a composite cathode (LCO-LLZO:Ta|LLZO:Ta|In-Li). The high-pressure FAST/SPS in
a metallic mold enabled the fabrication of both half-cells without secondary phase formation and
with nearly full densification of the layers. The half-cells were assembled with an In-Li anode and
were electrochemically evaluated. The more rapid fading of storage capacity for the cell with an
LCO-LLZO:Ta composite cathode predominantly shows degradation at the LCO/LLZO:Ta
interface. This observation was confirmed by electrochemical impedance spectroscopy. SEM and
TEM investigations of the LCO/LLZO:Ta interface did not reveal any traces of its mechanical
degradation. At the same time, TEM and SAED analysis revealed the amorphization of the
LCO/LLZO:Ta interface. Furthermore, the diffusion of Co from LCO into LLZO:Ta and Al from
LLZO:Ta into LCO was detected. The intercalation of Co into the LLZO:Ta lattice might be a
reason for the disordering of the LCO/LLZO:Ta interface with the degradation of Li-ion
conductivity. Further, thermodynamic analysis, using the density functional theory, confirmed the
possibility of Al diffusion during cycling combined with the formation of low-conducting

secondary phases.
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