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A B S T R A C T   

Ceramic membranes made of garnet Li7Zr3La2O12 (LLZO) are promising separators for lithium metal batteries 
because they are chemically stable to lithium metal and can resist the growth of lithium dendrites. Free-standing 
garnet separators can be produced on a large scale using tape casting and sintering slurries containing LLZO 
powder, but the quality of the separators is severely compromized by the protonation of the moisture-sensitive 
LLZO during processing and the irreversible loss of lithium during sintering. In this work, an approach is pre-
sented to mitigate the degradation of the LLZO and produce high quality separators using Li2CO3 as a source of 
excess lithium. By systematically investigating the effects of Li2CO3 addition during the different steps of the tape 
casting process and the intricate relationship between the protonation and relithiation of LLZO phase, the for-
mation of highly protonated LLZO during ball milling was identified as the most critical step. It was shown that 
the addition of minimal amounts of Li2CO3 during wet milling effectively suppresses LLZO protonation and 
ensure the effectiveness of relithiation during subsequent sintering. Using this modified method, flat LLZO 
separators with a relative density of 95.3 % were prepared in a simplified process with a significantly reduced 
excess lithium of only 5 mol % with respect to the stoichiometric LLZO, exhibiting an ionic conductivity of 0.18 
mS cm− 1 at room temperature and a critical current density of 1 mA cm− 2 at 60 ◦C for lithium stripping/plating.   

1. Introduction 

Driven by the demands of the rapidly growing market for battery- 
powered devices, increasing the energy density of batteries is one of 
the most important development goals. Using lithium metal anodes 
instead of graphite is widely recognized as an efficient means of 
achieving this aim. Attempts to use lithium anodes in conventional 
lithium-ion battery designs have not yet been successful due to funda-
mental problems with lithium metal [1] In particular, the uneven 
stripping and plating of Lithium during multiple charges and discharges 
leads to the growth of so-called mossy or dendritic Lithium, which 
punctures the battery’s soft polymer separators, causing short circuits 

and endangering the battery [2] Therefore, ceramic separators that can 
resist dendrite growth and mechanically protect the cell are one of the 
most intensively pursued directions in developing lithium-metal 
batteries. 

The typical material for ceramic separators is garnet Li7Zr3La2O12 
(LLZO), which has sufficiently high ionic conductivity and remarkably 
high chemical stability to Li-metal (6 V vs. Li) [3] . Numerous publica-
tions show that LLZO separators can be operated in symmetrical cells 
with Li electrodes for several hundred cycles and achieve critical current 
densities (CCDs) up to 100 mA cm− 2 [4]. For industrial applications, 
fabrication techniques enabling large-scale LLZO separator production 
is another important research goal. Among several possibilities, 
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tape-casting stands out as a well-known technique for the large-scale 
production of free-standing ceramic membranes, including LLZO sepa-
rators [5–8]. In this process, large-area ceramic sheets are cast in a 
continuous process from a slurry containing ceramic powder, dispersant, 
binder, and plasticizer in a suitable solvent. To obtain pure ceramic 
components, the so-called "green tapes" must be sintered at high tem-
peratures to remove organic components and compact the ceramic 
powder, resulting in dense, mechanically stable, free-standing 
separators. 

The technical challenges in producing high-quality LLZO separators 
are related to the high mobility of the lithium ions and the high tem-
peratures of up to 1200 ◦C [5,6,8] required for sintering LLZO. LLZO is 
chemically stable at ambient conditions but is readily protonated upon 
contact with water [6] (including moisture [7–11]), carbon dixode [12], 
and protic solvents [13] resulting in lithium leakage from the structure 
due to Li+/H+ exchange. Although protonated LLZO can be reversibly 
relithiated. Unwanted decomposition can occur if the lithium-ion con-
centration is insufficient for this reaction (which is often the case at high 
temperatures due to the volatility of Li compounds) [13] The cumulative 
effect of unwanted Li loss from the LLZO structure during the various 
fabrication steps results in suboptimal sintering activity, negatively 
affecting the relative density, flatness, ionic conductivity [14,15], me-
chanical stability, and electrochemical performance of LLZO separators 
[16,17]. It should be noted that although Li loss is a common problem in 
the fabrication of LLZO-based components, it becomes even more crit-
ical in the fabrication of thin LLZO separators due to their high 
surface-to-volume ratio. 

To compensate for the loss of Li, an excess Li concentration is usually 
required when synthesizing LLZO powders and processing them into 
ceramic components. Depending on the synthesis method and process-
ing conditions, the excess Lithium can vary between 10 wt % [14,16,18] 
and up to 50 wt % [15], which increases the synthesis and 
manufacturing cost. In addition to the higher costs, the chemical 
composition and concentration of the compounds used as a lithium 
source affect the separator properties by changing the composition of 
the grain boundaries, introducing additional phases, and sometimes 
leading to additional porosity [19]. Table 1 gives an overview of the 
state of the art for tape-casting of LLZO separators, correlating the used 
lithium-excess and the resulting electrochemical properties. No obvious 
ideal lithium-excess can be determined form literature analysis, strongly 
indicating the need for a detailed analysis of the whole process chain, 
combined with an optimization of the tape-casting procedure to obtain 
dense, flat separators with good electrochemical performance in a 
simplified process with reduced excess Li is therefore important to 
improve their performance and to increase the economic competitive-
ness of LLZO separators. 

In this work, we present an approach to prepare LLZO separators in a 
simplified tape-casting process with a reduced Li excess using lithium 
carbonate as an additional Li source, which was selected based on its 

chemical similarity to the native compound formed on the LLZO surface 
and its neutral pH value. By systematically studying the effect of Li2CO3 
introduced in the different steps of the tape-casting process and evalu-
ating the LLZO composition after each step, we were able to reduce the 
effective amount of additional Li2CO3 to only 1,3 wt % in the processing 
mixture, corresponding to a total Li excess of 15 mol % and optimize the 
processing conditions to obtain flat and dense LLZO separators capable 
of reaching 1 mA cm− 2 in symmetrical cells with Li electrodes. 

2. Experimental part 

Powder synthesis. Li6.45Al0.05La3Zr1.6Ta0.4O12 starting powder was 
prepared via solid-state synthesis. Stoichiometric amounts of LiOH•H2O 
(Applichem, 99 %), La2O3 (Merck, 99 %, pre-dried at 900 ◦C for 10 h), 
ZrO2 (Treibacher, 99,7 %), Ta2O5 (Treibacher, 99,95 %) and Al2O3 
(Inframat, 99,82 %) were used. 10 wt % excess of LiOH was added to 
compensate for lithium evaporation during high-temperature treatment. 
The mixture was thoroughly mixed (Retsch, 200 M) and pressed into 
pellets before the first calcination step at 850 ◦C for 20 h. The obtained 
pellets were crushed (Retsch, BB50) and dry-milled (Retsch, PM400) in 
250 ml tungsten carbide jars with 20 mm tungsten carbide milling balls 
at 200 rpm and subsequently sieved with a 50 µm mesh (Fritsch, Ana-
lysette). The obtained powder was pressed into pellets and calcined a 
second time at 1000 ◦C for 20 h. Afterward, the pellets were crushed and 
dry-milled again. 

To reduce the particle size of the powder dedicated to the tape- 
casting process, some of the starting powder was dry-milled (Fritsch, 
Pulverisette 7) at 500 rpm for 230 min in a 80 ml ZrO2 milling jar with 3 
mm milling balls. Another part of the starting powder was wet-milled in 
ethanol with the same set of parameters. The wet-milled powder was 
subsequently dried in air at 70 ◦C for at least 12 h. The dried powder was 
annealed in an Al2O3 crucible in air at 750 ◦C for 2 h with heating and 
cooling rates of 5 K min− 1. 

2.1. Sample preparation 

LLZO pellet preparation: The powder used for pellets preparation 
was used without milling. The starting powder was uniaxially pressed 
into pellets of 13 mm diameter at 120 MPa. The pellets were placed on a 
MgO plate with a bed of the starting powder in a closed Al2O3 crucible 
and sintered at 1175 ◦C for 10 h with heating and cooling rates of 5 K 
min− 1. 

Thin separator preparation: For the tape-casting process, a solution 
of the dispersant (BYK 180, Altana), binder (PVB98, Sigma Aldrich), and 
additives (PEG400, Sigma-Aldrich and Solusolv, Solutia Inc.) in a 
mixture of ethanol (VWR, 99,6 %) and butanone (VWR, 99,6 %) in 
weight % ratios of (7.9:12.7:79) was prepared beforehand and mixed on 
a roller bench for at least 24 h. The same batch of polymer solution was 
used for all samples. 

To prepare the slurries, the wet-milled or dry-milled LLZO powder 
was added to the solution and homogenized in a planetary mixer 
(Thinky) at 1500 rpm for 2 min. The same batch of polymer solution was 
used for all samples, and the ratio of LLZO powder to binder solution 
(1:0.6) was kept constant. The obtained slurry was cast onto a mylar foil. 
The gap height was fixed to 350 µm and kept constant for all samples. 
After drying for at least 4 h at room temperature, the obtained green 
tapes were compacted and laminated with 500 MPa at 80 ◦C for 2 min. 
After pressing, the green tapes were cut into 9 mm or 12 mm diameter 
discs, placed on a starting powder bed on a MgO plate in a closed Al2O3 
crucible, and sintered in air at 1175 ◦C for 10 h with heating and cooling 
rates of 5 K min− 1. 

Characterization. The particle size distribution of the starting pow-
der and the two milled powders was checked via laser diffraction using a 
LA950 (Horiba Scientific) with a 650 nm and a 405 nm laser source, and 
data were analyzed via Mie-theory. Phase purity was determined by X- 
ray diffraction (XRD) analysis with a Bruker D4 Endeavor (Supp 2) 

Table 1 
Examples of lithium excess used in fabrication of thin LLZO separators.  

Composition Li 
excess 
[mol 
%] 

Ionic 
conductivity 
[mS cm− 1] 

CCD 
[mA 
cm− 2] 

Reference 

Li6.25Al0.25La3Zr2O12 50 0.2 n.d. [15] 
Li6.5Al0.25La3Zr2O 12 10, 15, 

20 
0.3 n.d. [14] 

Li6.4La3Zr1.4Ta0.6O12 16 0.5 0.05 at 
60 ◦C 

[19] 

Li6.45Al0.05La3Zr1.6Ta0.4O12 20 0.15 0.02 at 
60 ◦C 

[20] 

Li6.45Al0.05La3Zr1.6Ta0.4O12 20 0.39 0.3 at 
60 ◦C 

[21] 

Li6.75La2.75Ca0.25Zr1.5Nb0.5O12 10 n.d. 10 in 3D 
network 

[22]  
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equipped with a 1D detector LYNXEY using monochromatized Cu Kα 
radiation. Chromatic white light interferometry (CT-350, cyber scan 
with CHR-1000 sensor) was used to characterize the surface topography. 

To obtain information on the protonation of the powder surface, 
Raman spectra were collected using a Renishaw INVIA Raman Micro-
scope equipped with a solid-state excitation laser (532 nm) and a 2400 
lines/mm grating. The measurement was conducted at a laser power of 
2.5 mW to avoid laser-induced damage of the material. The exposure 
time was 1 s per spectrum. The cosmic rays of the raw data were 
removed using the Wire 5.2 software function (Renishaw). The spectra 
were normalized to the maximum height between 600 cm− 1 and 700 
cm− 1. To analyze the microstructure of the separators, the samples were 
embedded in epoxy resin (EpoFix) and mirror-polished for microstruc-
ture analysis. The microstructure was analyzed via scanning electron 
microscopy (Carl Zeiss Microscopy, Zeiss EVO 15) and an energy- 
dispersive X-ray spectroscopy detector X-max 80 (Oxford Instruments 
plc, Abingdon, UK). The sample density was determined by analyzing 
cross-section images through the ImageJ software. The topography of 
the sintered samples was analyzed using an optical profilometer with a 
P-CHR-10,000 sensor (Model CT350T, cyberTECHNOLOGIES GmbH, 
Germany). 

For electrochemical characterization, the sintered pellets from the 
starting powder were dry-polished up to 4000 grit. The sintered tapes 
were too thin for mechanical surface treatment and were used as 
received. Blocking electrodes were applied by sputtering gold onto the 
fresh surface (2 min sputter time, Cressington 108auto Coater). Using a 
BioLogic VMP-300 multi-potentiostat, the room temperature impedance 
of the pellets was measured. The frequency was varied from 7 MHz to 1 
Hz with an electrical field perturbation of 10 mV mm− 1. All graphs were 
normalized to the sample’s thickness. All measurements were fitted 
using the Relaxis software to extract resistance and conductivity. Each 
semi-circle was fitted using a CPE element, where the real capacitance 

was calculated as C =
(QR)1/a

R , with the resistance R, the pseudo- 
capacitance Q, and the exponential parameter α derived from the data 
fit. The ionic conductivities were calculated using the formula σ = dR

A , 
where R is the resistance, d is the sample thickness, and A is the sample 
area. 

To investigate dendrite formation, symmetrical Li|LLZO|Li cells were 
assembled under an argon atmosphere. A thin gold interlayer was 
sputtered onto the sample surface (~30 nm, Cressington 108auto 
Coater). Freshly calendared metallic Lithium was pressed on each side 
by hand. The sample was then placed between two Ni discs, and the 
stack was heated to 300 ◦C and subsequently cooled to 180 ◦C, 75 ◦C and 
40 ◦C with 20 min of holding time each to ensure good mechanical and 
electrical contact. Critical current density measurements were con-
ducted at 60 ◦C using the same multi-potentiostat mentioned above. 
Starting at 50µA cm− 2 for 1 h of plating and stripping time, the capacity 
of Lithium moved through the sample was kept constant by increasing 
the current by 50µA cm− 2 for each cycle and reducing the cycle time 
accordingly. All electrochemical measurements were carried out in a 
Swagelok cell. 

Magic angle spinning (MAS) solid-state NMR measurements were 
performed on a Bruker Ascend 500 magnet (B0 = 11.7 T) with a NEO 
console operating at frequencies of 500.13 MHz for 1H and 194.37 MHz 
for 7Li. Chemical shifts of 1H were referenced with respect to an external 
reference of adamantane. For 7Li a 0.1 M LiCl solution was used as the 
chemical shift reference. The samples were packed into 3.2 mm zirconia 
rotors, and a Bruker three-channel MAS 3.2 mm DVT probe was 
employed. All measurements were performed at a 20 kHz spinning 
speed. 1H spectra were recorded using a pulse sequence with back-
ground suppression to eliminate probe background where a pulse length 
of 3 μs was utilized. 7Li spectra were recorded with a one-pulse exper-
iment with a pulse length of 4 μs. The recycle delay was set each time to 
three times T1, where T1 was determined with a saturation recovery 
experiment. 

3. Results and discussion 

The starting powder in this study was synthesized with 10 % excess 
lithium to account for losses during the high-temperature treatments 
required to produce battery components from the solid electrolyte 
powder. This powder composition was found to be sufficient for the 
production of sintered LLZO components using dry processing routes 
such as dry powder pressing [10,23,24]. 

In solvent-based processes such as tape-casting, the excess usually 
needs to be higher as additional losses due to the Li+/H+ exchange in 
LLZO must be taken into account. 

In contact with water or protic solvents, LiOH (Eq. (1a)) can be 
formed as intermediate products that react with CO2 to form Li2CO3 
(equations 1b) when exposed to ambient air [16,25,26].  

Li7La3Zr2O12 + xH2O→Li7-xHx La3Zr2O12 + xLiOH                        (1a)  

LiOH + ½ CO2→½ H2O + ½ Li2CO3                                              (1b)  

Li7-x HxLa3Zr2O12 + x/2 Li2CO3 →Li7La3Zr2O12 + x/2 H2O + x/2 CO2(2) 

The protonation reactions are considered detrimental to the prop-
erties of LLZO and its further processing into battery components. 
However, these reactions can be reversed at a temperature above 400 ◦C 
[10,27] if a sufficient amount of Li source is added, restoring the 
structure and properties of the original LLZO (Eq. (2)). The reversibility 
of the relithiation process can generally be high in conventional pro-
cessing, such as powder pressing and sintering, as the depth of the 
protonation reaction is limited to the surface, and only a minimal excess 
of Li is required to compensate for the volatility of Li2CO3. However, in 
solvent-based processing such as tape casting, the reaction proceeds 
mainly via the formation of soluble LiOH, which diffuses away from the 
surface, changing the local equilibrium and forcing more profound 
lithium depletion in the LLZO (Equation 1). If not enough Lithium is 
added during relithiation (e.g., due to increased volatilization of lithium 
compounds during sintering of thin porous tapes), the remaining pro-
tonated LLZO phase can decompose to La2Zr2O7 [13,28]. In order to 
prevent such decomposition, a higher excess of Lithium is usually 
required in solvent-based processes [29,30]. 

To investigate the effects of the processing method on the properties 
of the separators produced from the LLZO powder described above, the 
differently treated powders were sintered at a temperature of 1175 ◦C 
for 10 h without an additional excess lithium source. The as-synthesized 
LLZO powder exhibits a particle size of about D50=8.6 µm, which is too 
large for the fabrication of thin tapes. Therefore, part of the as- 
synthesized powder was pressed into pellets as a reference sample, 
and the remaining parts were milled (dry and wet) to reduce the particle 
size, suitable for usage in the tape-casting process (Supplementary 
Figure 1). 

The pellets produced from as-synthesized powders show good phase 
purity corresponding to cubic LLZO, with only minor secondary phases 
of LiAlO2 due to Al uptake from the crucibles (Fig. 1) [16,31]. The 
cross-section of the pellet (Fig. 2a) shows high densification of the pellet 
with only 6 % remaining porosity. The Nyquist plots of the impedance 
spectra show only one semicircle containing contributions of bulk and 
grain boundary conductivity, which cannot be deconvoluted at room 
temperature. Therefore, a total ionic conductivity of 0.6 mS cm− 1 is 
derived from the low-frequency intercept. 

In contrast to the as-synthesized powder, the tapes prepared from 
dry-milled and wet-milled powders exhibit lower phase purity. XRD 
analysis of the sintered tapes (Fig. 1a) shows the presence of Li2CO3 and 
La2Zr2O7 in both samples, indicating a Li+/H+-exchange reaction and 
significant lithium loss during processing, as discussed above. The for-
mation of protonated LLZO during milling and tape-casting is also re-
flected in lower sintering activity. The cross-section of both tapes 
(Fig. 2b,c) shows only minimal density with high residual porosity of 34 
%. The Nyquist plots of the impedance spectra show two semicircles for 
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both samples, with the high-frequency semicircle corresponding to a 
bulk resistance (capacitance of 3.46 10− 10 F for dry-milled and of 1.03 
10− 10 F for wet-milled) and the low frequency semicircle corresponding 
to grain boundary resistance (capacitance of 5.49 10− 8 F for dry-milled 

and of 4.15 10− 8 F for wet-milled). The ionic conductivity calculated 
from the low-frequency intercept is 0.08 mS cm− 1 and 0.05 mS cm− 1 at 
room temperature for dry-milled and wet-milled samples, respectively, 
which is much lower than the ionic conductivity of the pellet made out 

Fig. 1. a) XRD patterns and (b) Nyquist plots of the impedance spectra of the pressed pellet and tape cast LLZO separators from dry-milled and wet-milled powders.  

Fig. 2. Cross-sectional SEM images of the sintered LLZO separators prepared without any additional lithium excess. a) pressed pellet; b) tape from wet-milled 
powder; c) tape from dry-milled powder. 

Fig. 3. Schematic overview of the main process steps in the studied tape-casting process and labeling of samples for different insertion points of Li2CO3.  
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of as-synthesized powder. 
To reduce the loss of Lithium and minimize the resulting degradation 

of the electrochemical performance of tape-cast LLZO separators, an 
excess lithium source can be added to the LLZO powders during the 
various steps of the tape-casting process. The lithium compound used as 
a lithium source should not introduce impurities or additional phases 
into the LLZO structure, so the choice of anions in suitable lithium salts 
is limited to oxides, hydroxides, carbonates, or carboxylates, which can 
decompose to form volatile products. In this study, Li2CO3 was chosen 
because it occurs naturally in the samples and Lithium can be easily 
integrated into the crystal structure during the relithiation of protonated 
LLZO. In addition, Li2CO3 is neutral, does not change the pH of the tape- 
casting slurry like LiOH, and does not require additional optimization of 
the tape-casting process and the high-temperature treatment like 
LiCOOCH3. 

Li2CO3 can be introduced in various process steps, thereby possibly 
affecting the properties of the resulting separators. Four main process 
steps were identified as possible application points for the lithium 
source, namely ball milling, annealing, slurry preparation, and sintering 
(Fig. 3). Based on previous experiments [6,7], the amount of Li2CO3 was 
set as 2.6 wt % with respect to the LLZO, which corresponds to an 
additional 10 mol % excess lithium with respect to the LLZO stoichi-
ometry. The respective amount of Li2CO3 was added during these critical 

steps, and the properties of separators after sintering in the same con-
ditions were analyzed to determine the impact on each point of the 
process. The tapes obtained in the processes in which Li2CO3 was added 
either during ball milling, annealing, slurry preparation, or sintering 
steps are assigned furtherasLi2CO3@BM, Li2CO3@annealing, Li2CO3@-
slurry, and Li2CO3@sintering, respectively. 

XRD analysis of the sintered samples (Fig. 4a) shows that the phase 
composition of the sintered tapes resulting from all variants of the 
process route corresponds to cubic LLZO, indicating that Li2CO3 as an 
excess lithium source and the chosen concentration are suitable for the 
production of phase-pure LLZO separators. However, there are obvious 
differences in the morphology of the sintered tapes prepared via 
different modification routes (Fig. 6), confirming that the timing of the 
Li2CO3 addition is important for the final quality of separator. Adding 
Li2CO3 during the milling step leads to the highest density of the sintered 
tapes (Li2CO3@BM), as it significantly hinders the protonation of LLZO 
and the associated formation of La2Zr2O7phase after ball milling 
(Fig. 4d). It can be assumed that adding Li2CO3 in this step shifts the 
equilibrium of the protonation reaction in ethanol towards LLZO, 
reducing the amount of protonated phase and thus minimizing the un-
desirable changes in the LLZO crystal structure. In contrast, the addition 
of Li2CO3 during the annealing step (Li2CO3@annealing) leads to the 
formation of LiAlO2 as a secondary phase after annealing (Fig. 4c), 

Fig. 4. XRD patterns of LLZO: a) sintered tapes; b) green tapes; c) powder after annealing; d) dried powder after ball-milling. Li2CO3 was added during ball milling 
(Li2CO3@BM, green), annealing (Li2CO3@annealing, blue), slurry preparation (Li2CO3@slurry, purple) and sintering (Li2CO3@sinter, yellow) as compared to the 
tape prepared in the same conditions but without addition of Li2CO3 (Li2CO3-free). All tapes were sintered at 1175 ◦C for 10 h. 
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which may be due to the fact that the solid Li2CO3 powder is less finely 
dispersed and can react with the alumina crucible. The process of LiAlO2 
formation consumes lithium ions, which are therefore less available for 
the relithiation of the protonated LLZO and thus promote the formation 
of unfavorable secondary phases. 

The XRD patterns of the green tapes display no significant changes 
compared to the annealed powders (Fig. 4d,c), as the dwell time of the 
LLZO material in the solvent is minimal during this step. Therefore, the 
spectra of Li2CO3@slurry are similar to Li2CO3-Free, as expected. Add-
ing Li2CO3 during sintering (Li2CO3@sintering) is also effective in sup-
pressing secondary phases in the sintered tape. It should be noted that 
the addition of excess Li in this step was realized by enriching the at-
mosphere with Lithium in the closed crucible, which promotes efficient 
relithiation of the tapes and suppresses the formation of secondary 
phases. 

The XRD measurements show that addition of Li2CO3 in the ball 
milling step has the greatest effect on the proton exchange of LLZO and 
the formation of secondary phases, as it consistently has the least 
amount of detrimental reaction products. To further investigate the 
possible changes in the phase composition of LLZO during the 
Li2CO3@BM process, LLZO powder was ball-milled in the presence of 
excess Li2CO3 and then dried and annealed at (750 ◦C, 2 h). The 
annealed powder was analyzed using Raman spectroscopy (Fig. 5a) and 
nuclear magnetic resonance (NMR) (Fig. 5b-c). Both techniques show 
the presence of LLZO as the dominant phase, indicating that this phase 
remains practically intact during all processing steps. In contrast, ball 
milling without Li2CO3 addition (powder_Li2CO3-free) leads to a strong 
protonation of the LLZO phase and the formation of La2Zr2O7 after 
annealing, which is consistent with the results of the XRD analysis. 

In addition, the characteristic peaks of Li2CO3 at 156 cm⁻1, 194 cm⁻1, 
and 1090 cm⁻1 [32] in the Raman spectra indicate the presence of 
Li2CO3 on the surface of the particles. This is due to the handling of the 
powders, and since the Raman spectroscopy measurement is performed 
after annealing in ambient air, some Li+/H+ exchange is to be expected. 
Remarkably, a peak at 326 cm− 1, indicating the formation of a 
low-temperature cubic phase of LLZO (LT-LLZO) after the annealing of 
protonated LLZO [33–35] is present in both samples, but to a much 
lesser extent in the powder_Li2CO3@BM sample. To confirm the corre-
lation between the peak height and the delithiation depth in LLZO, the 
intensity of the Li+/H+-exchange reaction was artificially increased by 
adding 5 wt % of water to the milling process (H2O@BM). After 
annealing, the height of the peak at 326 cm− 1 increased significantly, 
confirming the correlation. In addition, a broad peak at 289 cm⁻1, which 
is characteristic of the La2Zr2O7 phase [36], can be seen in the powder 
processed without additional Li2CO3 (Li2CO-Fee), confirming the pro-
found Li loss in this sample. It can be therefore safely concluded that the 

addition of Li2CO3 during ball milling can significantly reduce the 
Li+/H+ exchange during processing. 

Solid-state 1H NMR spectra of the powders that were ball-milled 
without the addition of Li2CO3 (powder Li2CO3-free) show a peak at 
5.29 ppm attributed to protons in the LLZO lattice [37] with two 
shoulders at 3.65 ppm and 6.35 ppm, indicating the presence of protons 
at different sites in the LLZO lattice. Besides the main peak with high 
chemical shift, the spectra of Li2CO3-free as well as powder_Li2CO3@BM 
samples show two narrow peaks at 1.2 ppm and 0.9 ppm, which are 
assigned to adsorbed water on the LLZO surface [38]. An additional peak 
at − 2 ppm can be attributed to LiOH [37]. In contrast, the H–NMR peak 
shape of Li2CO3@BM sample demonstrates a narrower and singular 
component at 5.29 ppm, implying protons only occupying one site type 
in the LLZO lattice, suggesting that this sample has a higher Li amount 
(as confirmed by Li-NMR) compared to the untreated LLZO (Li2CO3--
Free), where additional shoulders in the peak shape indicate other 
proton popularity occupying different sites. This indicates that the LLZO 
in this case, has numerous lithium site vacancies within the LLZO 
structure, prompting more protons to occupy the different sites at the 
expense of lithium leaching from the structure. Importantly, When 
Li2CO3 was added during ball milling (Li2CO3@BM), the intensity of the 
main peak at 5.29 ppm corresponding to the H-LLZO as well as the peaks 
corresponding to the absorbed protons decreased significantly, con-
firming the effective attenuation of Li+/H+ exchange during exposure to 
the solvent. 7Li-NMR spectrum of the powder_Li2CO3@BM sample 
shows a singular peak at 0.5 ppm corresponding to Li-ions in the LLZO 
lattice. In contrast, a very broad signal was observed in the 7Li-NMR 
spectrum of the powder_Li2CO3-free sample, possibly encompassing 
several distinct lithium environments. This suggests the formation of 
Li-containing impurity phases such as Li2CO3 or LiOH during heat 
treatment in the absence of a lithium-source or a re-distribution of Li in 
tetrahedral and octahedral LLZO sites, which occurs in 
proton-exchanged LLZO [37]. The results of NMR spectroscopy confirm 
the results of the Raman spectroscopy and XRD measurements discussed 
above. 

For use as separators in batteries, the sintered tapes must have low 
porosity and high flatness to withstand the mechanical stress during cell 
assembly, and they must be resistant to dendrite growth when combined 
with Li metal anodes. However, only the tapes prepared via the 
Li2CO3@BM route (where Li2CO3 was added during wet ball milling) 
exhibit sufficient densification to serve as separators. The Li2CO3@BM 
samples have a relative porosity of 5.8 %, similar to the porosity ach-
ieved with conventionally pressed samples (Fig. 6a-e). The separators 
prepared by other routes show low relative densities with porosities 
above 35 %, although all samples were sintered under the same condi-
tions and showed high phase purity in the XRD analysis. In addition, the 

Fig. 5. a) Raman spectra of annealed LLZO powders wet-milled without the addition of LisCO3 (powder_Li2CO3-free, black), with addition of Li2CO3 (powder_-
Li2CO3@BM, green), and without addition of Li2CO3 but with additional water (powder_H20@BM red); b) 1H NMR spectra of annealed LLZO powders wet-milled 
without addition of Li2CO3 (powder_Li2CO3-free, black) and with addition of Li2CO3 (powder_Li2CO3@BM, green); c) 7Li-NMR spectra of annealed LLZO powders 
wet-milled without addition of Li2CO3 (powder_Li2CO3-free, black) and with addition of Li2CO3 (powder_Li2CO3@BM, green). 
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porous samples show a strong warpage at the edges caused by inho-
mogeneous shrinkage, making cell assembly and electrochemical char-
acterization impossible (Fig. 6f-j). This observation obviously indicates 
that the Li+/H+-exchange and especially lithium loss are detrimental to 
the separator properties and should be limited throughout the process, 
as deep protonation and secondary phase formation, even if reversible, 
significantly hinder the sintering activity of LLZO. 

By identifying the ball milling process as the pivotal step in the 
regulating of Li+/H+ exchange, there is a possibility to reduce the excess 
Lithium. In further experiments, the amount of Li2CO3 added during the 
ball-milling step was reduced by 50 %, corresponding to a lithium excess 
of only 5 mol % with respect to the stoichiometric LLZO. The XRD 
measurements after each processing step (Fig. 7a) consistently show a 
high phase purity over the entire process chain. Only the green tape 
shows minimal traces of La2Zr2O7, which is consistent with the results 
for the original LLZO powder with a higher Li2CO3 content 
(Li2CO3@BM). SEM analysis of the cross-section shows a homogeneous 
microstructure with 4.7 % closed porosity (Fig. 7b) and 1.1 % small 
enclosed particles of a secondary phase with bright contrast, although 
no secondary phases were detected in the XRD analysis. The EDX mea-
surement (Supplementary Figure 2) shows a higher concentration of 
lanthanum and oxygen in the secondary phase, with no changes in the 
distribution of the other elements, indicating residual La2O3 from the 
synthesis. 

The sintered separators ball-milled with a high Li2CO3 content of 10 

mol % (Li2CO3@BM) and a low Li2CO3 content of 5 mol % (Li2CO3@BM- 
L) were analyzed electrochemically. To determine the ionic conductiv-
ity, gold electrodes were sputtered onto the freshly sintered sample 
surface. In the Nyquist plots of the impedance spectra (Fig. 8a), only one 
semicircle is visible for both samples, which contains the contribution of 
both bulk and grain boundary resistance (capacitance of 3.57 10− 10 F for 
BM-H and of 3.46 10− 10 F for BM-L). The total ionic conductivity at 
room temperature derived from the low-frequency intercept is relatively 
similar for both tapes and is 0.16 mS cm− 1 for Li2CO3@BM-H and 0.18 
mS cm− 1 for Li2CO3@BM-L tapes. 

To test their suitability as battery separators, lithium plating and 
stripping tests were performed on the sintered tapes to determine the 
critical current density (CCD) for dendrite formation. The measurements 
were performed at 60 ◦C to increase the self-diffusion of lithium atoms 
while keeping the total amount of Lithium transferred in each cycle 
constant. To assemble a symmetrical Li||LLZO||Li cell, a 30 nm thin 
adhesive layer of gold was sputtered onto the tape surface to ensure 
good contact with the lithium electrodes. The Li foil was then me-
chanically attached to both sides of the separator and heated to melt the 
Lithium. Both the Li2CO3@BM-H and Li2CO3@BM-L samples were able 
to achieve the CCD value of 1 mA cm− 2 without dendrite formation, 
which is a very good performance for the thin tape-cast separators sin-
tered without any pressure assistance (Fig. 8b, c). Interestingly, the 
separator prepared with less Li2CO3 in the ball milling step 
(Li2CO3@BM-L) performs even better than the Li2CO3@BM-L separator, 

Fig. 6. Cross-sectional SEM images of sintered separators: a) wet-milled starting powder; b) Li2CO3@BM; c) Li2CO3@ Annealing; d) Li2CO3@ slurry; e) Li2CO3@ 
sintering. White light topography images of: f) wet-milled starting powder; g) Li2CO3@BM; h) Li2CO3@ Annealing; i) Li2CO3@ Slurry; j) Li2CO3@ Sintering. 

Fig. 7. a) XRD analysis of the primary process steps with lowered addition of Li2CO3; b) Cross-sectional SEM images of sintered BM-L separator.  
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with flat potential steps and lower polarization despite its lower ionic 
conductivity. 

Long-term cycling of the cells at current densities of 0.05 mA cm− 2, 
0.1 mA cm− 2, 0.25 mA cm− 2, and 0.5 mA cm− 2 demonstrates stable 
cycling over 225 h with only minor polarization phenomena most likely 
connected to surface roughness and the electrode contacts (Fig. 9a,b). 

The results of the electrochemical characterization show that the 
LLZO tapes produced with the optimized process described in this work 
are suitable for use as battery separators. It is expected that further 
optimization of the process would enable even smaller quantities of 
surplus lithium, which would further increase the economic attractive-
ness of this process. 

4. Conclusions 

In this work, we investigated the intricate relationship between the 
phase transformations of LLZO powder during the different steps of the 
tape-casting process and the morphology and properties of the resulting 
separators. By systematically investigating the influence of the degree of 
protonation during the different production steps, an effective approach 
was found to mitigate the degradation of the optimized LLZO powder 
with minimal excess Lithium. Our results show that the low mechanical 
stability and low ionic conductivity of ceramic separators after sintering 
are mainly due to the porous morphology caused by the protonation of 
LLZO during wet ball milling and insufficient compensation of Li loss 
during relithiation in the sintering step. Adding minimal amounts of 
Li2CO3 to the wet milling step shifted the balance of protonation, 

ensuring the effectiveness of relithiation during subsequent thermal 
treatments. With a significantly reduced excess lithium of only 15 mol 
%, a dense, flat ceramic separator with an ionic conductivity of 0.13 mS 
cm− 1 was obtained, exhibiting a critical current density for Li dendrite 
formation of 1 mA cm− 2 at 60 ◦C. 
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