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Abstract
Compaction pressure directly determines the compactness of solid-state electrolytes (SSEs), which is crucial to 
affect the electrochemical performance of solid-state lithium batteries (SLBs). Herein, Li6.5La3Zr1.5Ta0.5O12 (LLZTO) 
pellets are compacted under various pressures before sintering to study the impact of compaction pressure on the 
overall properties of LLZTO SSEs and their SLBs. Notably, the sample pressed at 600 MPa (LLZTO-600) exhibits 
the highest compactness and the highest ionic conductivity due to improved particle contact and suppressed 
lithium loss. Consequently, the Li|LLZTO-600|Li symmetric cell exhibits the best performance among the samples, 
which can stably cycle for 1,500 h without short circuits. Meanwhile, the LiFePO4|LLZTO-600|Li full cell can retain 
94.8% of its initial capacity after 150 cycles with the lowest overpotential among the SSEs. This work highlights the 
importance of tuning compaction pressure in developing high-performance SSEs and related SLBs.
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INTRODUCTION
With the advancement and growing prominence of energy materials, numerous energy devices have been 
developed to satisfy the increasing demands of modern society. Solid-state lithium batteries (SLBs) that 
employ solid-state electrolytes (SSEs) are attractive due to their high energy density and enhanced safety 
compared to widely used lithium-ion batteries (LIBs)[1-5]. Among them, garnet-type Li7La3Zr2O12 (LLZO) 
SSEs and their derivatives are promising because of their high chemical stability[6] and wide electrochemical 
window[7-9], but the low compactness and inferior ionic conductivity of cubic-phase LLZO (c-LLZO) cannot 
meet the current practical requirements of SLBs.

Elemental doping is widely used to stabilize the phase structure by reducing Li content to induce Li 
vacancies, thus increasing the ionic conductivity of LLZO SSEs. The main doping methods include 
Li-site[10-13], La-site[14,15], Zr-site[16-18], and multi-site[19-23] doping, and most reports focus on Zr-site doping. 
Ohta et al. found that the ionic conductivity of LLZO is increased to 8 × 10-4 S cm-1 when the Nb5+ content is 
0.25 per formula unit (pfu)[16]. Thompson et al. prepared the Ta-doped LLZO through a hot pressing 
method, and obtained the highest compactness of ~97% and the highest ionic conductivity when the lithium 
vacancy number is 0.5 (Li6.5La3Zr1.5Ta0.5O12, LLZTO)[17]. Mukhopadhyay et al. calculated the Li-O bond 
lengths for different Ta-doping samples, showing that the Li-O bonds of LLZTO are longer than the other 
samples to facilitate faster Li+ migration and higher ionic conductivity[18]. As a result, LLZTO stands out 
among various electrolytes due to its superior overall properties.

High-temperature sintering is the most critical step for densifying the LLZO pellets, including atmospheric 
sintering[24], hot pressing[25], electric-field assisted sintering[26], and plasma sintering[27]. Atmospheric sintering 
enables the mass production of LLZO pellets but is hindered by issues such as non-uniform sintering and 
material waste. In contrast, methods such as hot pressing, electric-field assisted sintering, and plasma 
sintering are effective for producing high-quality ceramics, but are not widely adopted due to their complex 
equipment requirements and high costs. For the widely used atmospheric sintering method, it has been 
reported that compaction pressure (before sintering) greatly influences the ceramic quality of sulfide 
electrolytes[28,29]. However, specific studies on oxide SSEs, particularly garnet-based SLBs, remain lacking.

In this work, the LLZTO pellets are compacted under different pressures and then sintered at 1,250 °C for 
4 h (LLZTO-x, where x is the compaction pressure, MPa). The compacted LLZTO pellets show different 
morphologies and compositions, and the impact of compaction pressure on the performance of garnet-
based SLBs is investigated. Among the samples, the Li|LLZTO-600|Li symmetric cell and LiFePO4 (LFP)|
LLZTO-600|Li full cell both exhibit the best performance, which is ascribed to the dense structure and 
restrained lithium loss upon sintering. This work elucidates the influence of compaction pressure on the 
formation and properties of LLZTO pellets, which could inspire the development of analogous SSEs and 
SLBs.

EXPERIMENTAL
Materials preparation
The LLZTO SSEs were prepared using a solid-state synthesis. The Li2CO3, La2O3, ZrO2, and Ta2O5 
precursors were weighed according to the stoichiometry of LLZTO, and 15% excess Li2CO3 was weighed to 
supplement the Li loss upon high-temperature synthesis. Subsequently, 20 g precursor, 40 g Zr beads, and 
30 mL ethanol were added into the ball mill jars, which were placed in a high-energy ball miller (8000D, 
Spex SamplePrep, USA) and kept at 8,000 r min-1 for 1 h. The mixed powders were transferred to a vacuum 
oven set at 80 °C and heated for 12 h. The powders were ground after drying, and sintered in a muffle 
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furnace at 950 °C for 10 h with a heating rate of 2 °C min-1. After natural cooling, the ground pre-sintered 
powders were placed into a mold and pressed under the pressure of 50, 150, 300 and 600 MPa. The 
compacted pellets were then heated at 1,250 °C for 4 h with a heating rate of 5 °C min-1, and the LLZTO 
pellets were obtained after natural cooling.

Materials characterization
The crystal structure was analyzed using an X-ray diffraction (XRD) instrument (D8-A25, Bruker AXS, 
Germany) with Cu Kα radiation. The morphology and element distribution were examined by a scanning 
electron microscope (SEM) (SU-70, Hitachi, Japan) equipped with an energy dispersive spectroscopy (EDS) 
detector. The elemental composition and valence states were measured using an X-ray photoelectron 
spectroscopy (XPS) equipment (Escalab Xi+, Thermo Fisher, USA).

Electrochemical measurements
To measure the ionic and electronic conductivity, the Ag slurry was evenly sprayed on both sides of the 
polished LLZTO pellet. After drying, the Ag|LLZTO|Ag symmetric cells were tested on an electrochemical 
workstation (PARSTAT 3000A, Princeton, USA). The electrochemical impedance spectrum (EIS) plots 
were recorded with an amplitude potential of 10 mV and a frequency range of 106 to 10-1 Hz. The applied 
voltage of the steady-state current measurement was 200 mV. The LLZTO pellets were polished in an 
Ar-filled glove box (H2O < 0.01 ppm and O2 < 0.01 ppm) to assemble the Li|LLZTO|Li symmetric cells. To 
improve the interface contact, a drop (~10 μL) of liquid electrolyte containing 1M lithium 
hexafluorophosphate (LiPF6) dissolved in ethylene carbonate/ethyl methyl carbonate/dimethyl carbonate 
(EC/EMC/DMC) (1:1:1 by volume) was applied to both sides of the LLZTO pellets. No solid electrolyte was 
added to the LFP cathode, but the above trace amount of liquid electrolyte was used to ensure good contact 
between LLZTO and LFP. The LFP|LLZTO|Li full cells were assembled in similar steps as the symmetric 
cells. To prepare the cathode sheets, LFP, polyvinylidene fluoride (PVDF), and acetylene black (8:1:1 by 
mass) were dissolved in N-methyl pyrrolidone (NMP) to form the slurry, which was then cast on aluminum 
foils and vacuum-dried at 85 °C for 12 h. The electrodes were cut into circle sheets with a diameter of 12 
mm, and the mass loading of each sheet was ~1.5 mg. All electrochemical tests were performed at room 
temperature except for the activation energy tests.

RESULTS AND DISCUSSION
Figure 1A shows the XRD patterns of the different LLZTO pellets after sintering. It can be seen that all the 
characteristic peaks of each sample match well with the c-LLZO, and no Li-deficient-phase impurity La2Zr2O7    
(at ~28°-29°)  is observed.  Compared with the  standard c-LLZO,  the peaks of the samples shift to higher 
angles because the radius of Ta5+ is smaller than that of Zr4+, and the lattice constant becomes smaller after 
the replacement of Zr4+ by Ta5+. Since the peaks of Li7La3Ta2O13 are close to those of c-LLZO, each sample 
shows different degrees of peak splitting in the range of 30°-60° representing the Li7La3Ta2O13. As 
compaction pressure increases, the characteristic peaks and the peak splitting are more obvious, indicating 
the more Li7La3Ta2O13 and the higher crystallinity of SSEs. As shown in Figure 1B, the calculated grain size 
and micro-strain along the (422) facet are compared quantitatively. As compaction pressure rises, the grain 
size first increases and then decreases, while the micro-strain decreases and then increases. This indicates 
that higher compaction pressure leads to greater deformation, smaller particles, and denser structure.

Despite the similar sintering conditions, obvious morphology differences can be observed between the 
LLZTO pellets. For the LLZTO-50 pellet [Figure 1C], numerous pores are present in the worm-like 
structure due to insufficient contact between grains. For the LLZTO-150 pellet [Figure 1D], the grains are in 
contact with each other but are not completely densified, resulting in irregular hexagonal particles due to 
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Figure 1. (A) XRD patterns of various LLZTO pellets. (B) Calculated grain size and micro-strain of various LLZTO pellets. Cross-section 
SEM images and related optical photos of (C) LLZTO-50, (D) LLZTO-150, (E) LLZTO-300, and (F) LLZTO-600 pellets.

the incomplete sintering of the grains. For the LLZTO-300 pellet [Figure 1E], the grains have close contact 
with each other, and the ceramic is thoroughly densified after sintering. Most of the grain boundaries 
disappear due to the complete fusion of grains, leaving only a few small pores. For the LLZTO-600 pellet 
[Figure 1F], the tight contact between grains leads to the densest morphology with absent grain boundaries 
and few pores.

Based on the energy difference and peak intensity of La 3d peaks of the LLZTO-50 [Figure 2A], the La 
elements primarily exist in a form similar to metal oxides. The Ta 4f peaks of LLZTO-50 consist of splitting 
peaks [Figure 2B], indicating the dominance of Ta3+ oxides. In contrast, the Ta 4f peaks of LLZTO-600 shift 
to higher binding energy, implying greater oxidation of Ta in the high-pressure pellets. Similarly, the Zr 3d 
peaks of LLZTO-600 also shift to higher binding energy [Figure 2C], suggesting a higher valence of Zr in the 
high-pressure pellets. The Li 1s peak of LLZTO-50 and LLZTO-600 [Figure 2D] are similar, except for the 
larger peak area in LLZTO-600, indicating reduced Li loss and complete sintering in high-pressure pellets. 
These results imply that higher compactness may lead to concentrated oxygen, promoting the stable 
oxidation of transition metals and increased Li content in SSEs.
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Figure 2. (A) La 3d, (B) Ta 4f, (C) Zr 3d, (D) Li 1s XPS peaks of LLZTO-50 and LLZTO-600 pellets.

The compactness increases with compaction pressure due to the improved contact between particles 
[Table 1]. All the EIS plots of the symmetric cells [Figure 3A and B] show a semicircle contributed by grain 
boundary and a straight line related to ionic diffusion. The total resistances of LLZTO-50, LLZTO-150, 
LLZTO-300, and LLZTO-600 are 53,150, 580, 450, and 366 Ω, respectively, and the calculated ionic 
conductivity [Table 1] is positively correlated with the compaction pressure. According to the calculated 
slopes derived from Figure 3C, the activation energy of LLZTO-50 is higher than the other samples due to 
more pores and insufficient contact between particles. When the polarization voltage is applied to the 
Ag|LLZTO|Ag symmetric cells [Figure 3D], the steady-state currents of LLZTO-50, LLZTO-150, 
LLZTO-300, and LLZTO-600 are 10, 18, 20, and 47 nA, respectively. The highest electronic conductivity 
[Table 1] of the LLZTO-600 pellet implies that it may not withstand high currents during repeated Li 
deposition. Critical current density (CCD) refers to the maximum current density that Li-Li symmetric cells 
can withstand to resist Li dendrite growth. As shown in Figure 3E, the CCDs of LLZTO-150, LLZTO-300, 
and LLZTO-600 are 0.34, 0.70, and 0.56 mA cm-2, respectively. Consequently, despite the higher 
compactness of LLZTO-600, the higher electronic conductivity leads to a lower CCD compared to that of 
LLZTO-300. However, the ionic conductivity and CCD obtained in this work are also superior compared 
with the reported results[11,30-37] [Figure 3F]. In summary, the LLZTO-600 pellet has the highest ionic 
conductivity and favorable CCD among the samples, suggesting its potential application in high-
performance SLBs.

The assembled Li|LLZTO|Li symmetric cells are used for galvanostatic charge/discharge tests to compare 
the interfacial stability of different samples to lithium metal. The initial polarization voltage of Li|LLZTO-
150|Li is ~120 mV [Figure 4A], and it gradually increases at a uniform rate (~0.12 mV per cycle). The short 
circuit occurs after 487 cycles, and the polarization voltage drops from 180 to 50 mV, indicating that the Li 
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Table 1. Compactness, ionic conductivity, activation energy, and electronic conductivity of various LLZTO pellets

Compaction pressure (MPa) 50 150 300 600

Compactness (%) 61.08 88.88 91.58 94.00

Ionic conductivity (S cm-1) 1.63 × 10-6 4.10 × 10-4 5.30 × 10-4 6.36 × 10-4

Activation energy (eV) 0.65 0.32 0.34 0.35

Electronic conductivity (S cm-1) 5.77 × 10-9 1.14 × 10-8 1.36 × 10-8 3.11 × 10-8

Figure 3. (A) Overall and (B) Magnified EIS plots, (C) Arrhenius curves, and (D) Direct-current polarization curves of various 
Ag|LLZTO|Ag symmetric cells. (E) Critical current density (CCD) curves of various Li|LLZTO|Li symmetric cells. (F) Performance 
comparison of this work with the reported results[11,30-37].
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Figure 4. Cycling performance at various current densities of (A) LLZTO-150, (B) LLZTO-300, and (C) LLZTO-600 Li-symmetric cells. 
EIS of Li-symmetric cells (D) before cycling and (E) after 1,500 cycles.

dendrites start to grow along the grain boundary, resulting in a decrease in the “effective thickness” of the 
SSEs and a large decrease in the internal resistance of the cell. In the subsequent cycles, the polarization 
voltage stabilizes at 50 mV, exhibiting severe fluctuations up and down until the failure of the cell. Figure 4B 
shows the voltage-time curves of Li|LLZTO-300|Li, in which the initial polarization voltage is ~80 mV and 
the cells stably cycle at a current density of 0.2 mA cm-2 without voltage fluctuations. In the 1,190 cycles, the 
overpotential is stable only with an average increase of 0.06 mV per cycle, which is only half of that in 
Li|LLZTO-150|Li, indicating that the LLZTO-300 pellet has better stability to suppress Li dendrites. The Li|
LLZTO-300|Li cells short-circuit at 1,191 cycles, and the voltage decreases from 150 to 20 mV, indicating 
that the Li dendrite growth has triggered a huge decrease in the internal resistance of the cell. As shown in 
Figure 4C, the Li|LLZTO-600|Li symmetric cell has the longest cycle life associated with the highest ionic 
conductivity and the largest compactness. The total resistances of LLZTO-150, LLZTO-300, and LLZTO-
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Figure 5. (A) Cycling performance and Coulombic efficiency of various LiFePO4|LLZTO|Li full cells. (B-D) Corresponding 1st, 50th, and 
100th charge/discharge curves at 0.1C.

600 Li-symmetric cells before cycling [Figure 4D] are 800, 700, and 640 Ω, respectively. The similar 
resistances indicate similar interfacial properties before cycling. After 1,500 cycles [Figure 4E], the LLZTO-
150 and LLZTO-300 Li-symmetric cells exhibit small resistances (180 and 99 Ω) due to the short-circuit, 
while the total resistance of Li|LLZTO-600|Li is raised to 1,230 Ω caused by the interfacial degradation after 
cycling.

As shown in Figure 5A, the initial discharge capacity of LFP|LLZTO-150|Li [Figure 5B] is 158.9 mAh g-1, 
and the initial Coulomb efficiency (CE) is as high as 99.9%. However, the capacity decays severely in the 
subsequent cycles. The overcharging occurs in the 78th cycle, and the capacity retention rate is only 83.4% 
after 100 cycles. The initial discharge capacity of LFP|LLZTO-300|Li [Figure 5B] is 157.9 mAh g-1, and the 
initial CE is 96.3%. The reversible capacity remains at 143.8 mAh g-1 after 150 cycles, and the capacity 
retention rate is 91.1%. The initial discharge capacity of LFP|LLZTO-600|Li [Figure 5B] is 158.4 mAh g-1, 
and the capacity retention rate after 150 cycles is 94.8%, which is the highest among all the full cells. This is 
because the highest ionic conductivity facilitates the stable Li+ transport inside the cell, and the dense 
morphology facilitates stable cathode/electrolyte/anode interfaces. In the 50th cycle [Figure 5C], the LFP|
LLZTO-150|Li cell exhibits the largest overpotential, even with severe voltage fluctuations in the 100th cycle 
[Figure 5D]. The stable voltage plateaus and the lowest overpotential of LFP|LLZTO-600|Li confirm the 
feasibility of enhancing the SLB performance by increasing the compaction pressure of SSEs.

CONCLUSIONS
In this paper, LLZTO pellets are prepared with different compaction pressures and sintered at 1,250 °C for 
4 h showing various morphologies and compositions. The LLZTO-50 sample has a loose structure and 
lower metal valance states, while the LLZTO-600 sample demonstrates the largest compactness (94%) and 
the highest ionic conductivity (6.36 × 10-4 S cm-1). As a result, the Li|LLZTO-600|Li symmetric cell exhibits 
the best performance, which can stably work for 1,500 cycles without short circuits. The reversible capacity 
of the LFP|LLZTO-600|Li full cell is 158.4 mAh g-1, and the capacity retention rate is up to 94.8% after 150 
cycles, which is the highest among the samples. In summary, the different compaction pressure can regulate 
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the composition and structural stability of SSEs, thus enhancing the electrochemical performance of garnet-
based SLBs.
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