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Three electrodes analysis of a 3 V-class all-solid-state lithium-ion battery 
based on garnet-type solid electrolyte Li6.4La3Zr1.4Ta0.6O12 
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H I G H L I G H T S  

• Li2CO3 is used to mitigate high-temperature side reactions in LNM.|LLZT|LTO. 
• The voltage of such an all-solid-state battery reaches beyond 3 V. 
• Three-electrode configuration separates the contributions of electrodes and electrolyte.  
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A B S T R A C T   

At present, fabrication of all-solid-state lithium-ion batteries using garnet-type electrolytes is still challenging due 
to issues with interfacial stability and interfacial impedance caused by the high-temperature sintering process. In 
this work, we employ Li2CO3 as additive to mitigate high-temperature side reactions and prepare an all-solid- 
state battery LNM|LLZT|LTO using spinel-structured LiNi0.5Mn1.5O4 (LNM) and Li4Ti5O12 (LTO) as electrodes 
and garnet-type Li6.4La3Zr1.4Ta0.6O12 (LLZT) as the electrolyte. The battery voltage reaches beyond 3 V and can 
be charged and discharged for 5 cycles at a rate of C/10. The three-electrode setup of the battery allows the 
separation of positive and negative electrodes in their voltage profiles and impedance responses during cycling. 
Our results suggest that the high-voltage electrode LNM can work with LLZT in a solid-state-battery configuration 
and the negative electrode is the performance-limiting component.   

1. Introduction 

The conventional Li-ion batteries face safety issues such as the 
inherent risks of leakage, fire, or explosion, which are caused by the 
flammable organic liquid electrolytes [1]. When these electrolytes are 
combined with high voltage positive-electrodes, such as LiNi0.5Mn1.5O4 
[2] and LiNiPO4 [3], it would lead to organic electrolyte decomposition. 
All-solid-state lithium-ion batteries using inorganic solid electrolytes 
have therefore been considered possible candidates to solve these 
problems as well as to offer a higher power and energy density [4]. 
Owing to its high conductivity (2.06 mS cm− 1 at room temperature) [5] 
and wide electrochemical window (~6 V) [6,7], especially the excellent 
electrochemical performance with lithium-based positive-electrodes 
and even Li metal negative-electrode by a nano buffer layer [8,9], the 
garnet-type solid state electrolyte Li7La3Zr2O12 (LLZ) is considered as 

one of the most promising candidates to replace the organic or polymer 
electrolyte in Li-ion batteries. 

At present, many works on all-solid-state lithium-ion batteries with 
garnet-type solid electrolyte LLZ mainly have been focused on using 
different methods to prepare different positive-electrodes on the surface 
of LLZ ceramic pellets directly, like pulse-laser-deposition PLD [10] or 
co-sintering with low-melting-point Li3BO3 [11] to make 
positive-electrode|electrolyte double layer or with buffer layer in the 
middle [12,13] and then using Li metal on another side with or without 
buffer layer [14,15]. Although Li metal in rechargeable lithium-ion 
battery possesses the highest specific capacity (3860 mAh g− 1) and the 
lowest electrochemical potential (− 3.04 V vs. the standard hydrogen 
electrode) [16], it poses a severe safety issue. There are several experi
mental results showing that Li metal cannot be in direct contact with LLZ 
pellets, although it was considered that LLZ could be stable with Li metal 
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when first reported by Murugan et al. [17]. For instance, about 6 nm 
thick tetragonal-like interface was formed in Al-doped cubic phase [18]; 
even 130 μm thick tetragonal interface was formed in contact with 
Fe-doped cubic phase LLZ through the reduction of Fe3+ [19]. Since 
conductivity of tetragonal LLZ was two orders of magnitude lower than 
that of the high conductive cubic phase, this caused a huge interfacial 
impedance increase [20]. In addition, previous results showed that the 
direct contact of doped LLZ with Li metal for long duration led to redox 
reaction of constituent elements in LLZ, e.g. Nb5+ to Nb4+ in the 
Nb5+-doped LLZ [21]. In addition, other results [22,23] showed that 
voids were formed at the Li/LLZ interface during cycles due to repeated 
Li deposition and dissolution. Hence, using Li metal in all-solid-state 
lithium-ion batteries based on garnet-type solid electrolyte LLZ is still 
challenging. 

The flat potential of about 1.5 V versus Li+/Li and near-zero struc
tural change upon the insertion or extraction of Li + makes Li4Ti5O12 
(LTO) spinel a promising lithium negative-electrode [24]. The applica
tion of LTO negative-electrode on garnet-type solid electrolyte to pre
pare half cells was performed by SPS method [25], PLD method [26] and 
dropping LTO sol into a nano porous structure of pellet surface with heat 
treatment [27] to obtain a good interface with garnet-type LLZ, where Li 
metal was combined to prepare all-solid-state lithium battery. For 
example, Jin et al. [20] used PLD to make a LiMn2O4/solid electro
lyte/LTO full cell with Al-doped LLZ pellet. Likewise, several works 
reported the use of LTO to prepare the full cell with the help of polymer 
electrolyte, such as LiFePO4/solid electrolyte/LTO [28], LiMn0.8Fe0.2

PO4/solid electrolyte/LTO [29,30]. 
As a nickel-substituted product of LiMn2O4, the high-voltage spinel- 

structured LiNi0.5Mn1.5O4 (LNM) has drawn much attention for its 
electrochemical capability, a high voltage working platform (4.7 V vs. 
Li/Li+) and the great improvement in high temperature cycles [31,32]. 
There was an unsuccessful application of LNM along with Ga-doped LLZ 
that failed when reaching 3.8 V (vs Li) due to the reaction between LNM 
and electrolyte [33]. 

In this work, we report an all-solid-state Li-ion battery using LNM 
and LTO spinels as the active positive and negative electrode material, 
respectively. Both LNM and LTO will react with LLZ under co-sintering 
at high temperatures, producing non-Li-conducting La2Zr2O7 and large 
interfacial impedance. Very recently Yang et al. [34] added surplus Li2O 
in the co-sintered LiCoO2 and Li6.4La3Zr1.4Ta0.6O12 at 600 ◦C for 5 h in 
the air to mitigate this effect. Researchers used the lower-melting-point 
lithium salt (e.g. Li3BO3 with a melting point of 800 ◦C) to improve the 
connection [35] and minimize the element cross-diffusion [36]; the 
silver powder was also added to improve the electronic conductivity as 
well as reduce the interface impedance [25] to prepare all-solid-state 
lithium batteries. Motivated by these reports, we carried out the prep
aration of LNM|LLZ|LTO battery at 800 ◦C, with the help of low-melting 
lithium salt Li2CO3 (723 ◦C) to mitigate Lithium loss, of Li3BO3 to 
improve sintering, and of silver powders to enhance the electronic 
conductivity. As our objective was not to prepare a high-performance 
all-solid-state-battery, we utilized a cell with thick components and 
did not emphasize the optimization of materials compositions or pro
cessing conditions. Instead, we employed a three-electrode setup to 
characterize this tri-layer cell such that the charging/discharging 
voltage profiles and impedance responses of positive and negative 
electrodes, as well as electrolyte, could be separated. We hope infor
mation supplied by this separation could provide insights on how to 
improve individual components. 

2. Experimental 

Stoichiometric quantities of LiOH⋅H2O (Alfa Aesar, 98%), La2O3 
(Alfa Aesar, 99.9%), ZrO2 (Alfa Aesar, 99.7%) and Ta2O5 (Alfa Aesar, 
99.85%) were used as raw materials corresponding to the nominal 
compositions of Li6.4La3Zr1.4Ta0.6O12 (LLZT). La2O3 powders were dried 
at 900 ◦C overnight in a MgO crucible. An excess of 10 wt% LiOH⋅H2O 

was used to compensate for Li loss during the synthesis. Raw powders 
were wet-milled on a roller mixer overnight in a polyethylene jar filled 
with 2-propanol. After that, the mixed slurry was heated by IR heating in 
a MgO crucible, which were covered by a MgO lid. Then the homoge
nously mixed powders were calcined at 1000 ◦C for 12 h with 2 ◦C min− 1 

heating rate and cooling rate. Afterwards, the obtained pure cubic phase 
LLZT (Fig. 1(s) in the supplemental materials) was mixed with spinel- 
structured electrodes LiNi0.5Mn1.5O4 (LNM, Fig. 2(s)) and Li4Ti5O12 
(LTO, Fig. 3(s)) at 6:1 wt ratio, defined as positive-electrode and 
negative-electrode mixture, respectively. Both LNM and LTO were from 
MTI Corporation. Li3BO3 (LBO) was prepared by vibrating mill of a 
mixture of LiOH⋅H2O and H3BO3 (Alfa Aesar, 98%) based on the stoi
chiometric ratio, and subsequent sintering at 500 ◦C for 1 h and 600 ◦C 
for 2 h [37]. 

The positive-electrode mixture included LLZT (30 mg), LNM (5 mg), 
Li2CO3 (Alfa Aesar, 99.985%, 1.75 mg), LBO (7 mg), and Ag (Sigma- 
Aldrich, 2–3.5 μm in diameter, 99.9%, 35 mg). Li2CO3 was added to 
mitigate the reaction between LLZT and LNM, while LBO acted as a 
sintering aid. Ag powder was used to improve the electronic conduc
tivity. The negative-electrode mixture had 5 mg of LTO and 3.5 mg of 
Li2CO3, keeping the other compositions the same. The electrolyte layer 
had 1.2 g of LLZT and 0.24 g of LBO. Finally, the tri-layer samples were 
prepared with layer-by-layer pressing in a 10 mm diameter die under a 
uniaxial pressure of 120 MPa and then sintered at 800 ◦C for 1 h with 
5 ◦C min− 1 heating rate and cooling rate. The silver pastes were applied 
on both sides of the cell and then heated at 700 ◦C for 1 h as the counter 
collector. 

In the three-electrode setup, silver pastes and wires were applied to 
the positive-electrode (working-electrode or we), electrolyte (reference- 
electrode or re), and negative-electrode (counter-electrode or ce) and 
sintered at 300 ◦C for 1 h to improve the connection. Cell tests were 
performed using the same setup combining a tube furnace and an 
electrochemical workstation (Bio-Logic SP-300) in our previous works 
[38] with air flow at 150 ◦C. A sinusoidal voltage signal with amplitude 
of 100 mV was applied for the frequency range of 200 kHz to 1 Hz in 
all-solid-state batteries and 3 MHz to 1 Hz in the electrolyte cell. The 
current on charging and discharging was set as 88.9 μA cm− 2 (0.1 C). 
The charging time was set as 10 h and discharging cut-off voltage of 
Ewe-ce was set at 0 V. At the end of charging/discharging, the cell was 
allowed to rest for 30 min before taking impedance measurement. 

Powder X-ray diffraction was performed using the Bruker D2 
ADVANCE diffractometer operating at 30 kV and 10 mA. The 2θ mea
surement range was selected as 10–70◦ with a step interval of 0.02◦. The 
morphologies and EDS mapping were measured by using field emission- 

Fig. 1. Powder XRD patterns of LNM/LLZT mixture for different additive and 
heat treatment conditions. 
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scanning electron microscopy (FE-SEM, JSM-7500, Japan). XPS mea
surements were performed using Thermo ESCALAB 250XI with a mon
ochromated AlKα X-ray source to find out the oxidation states of silver. 

3. Results and discussion 

Fig. 1 and Fig. 2 show the powder XRD patterns for different weight 
ratios of Li2CO3 mixed with positive-electrode (LNM/LLZT) and 
negative-electrode (LTO/LLZT) mixture heated at 800 ◦C for 1 h, 
respectively. Without Li2CO3, mixtures would form a large amount of 
La2Zr2O7 impurity after being heated at 800 ◦C compared to the un
heated mixtures, revealing the lithium element loss during co-heating 
process. A similar result was reported by Miara et al. [39], where a 
significant reaction happened in LNM when mixed with the same vol
ume of LLZT at a lower temperature of 600 ◦C. Hence, we use different 
amounts of Li2CO3 mixed with positive-electrode and negative-electrode 
to compensate for lithium loss during the high temperature heating 

process. Interestingly, with only 5 wt% Li2CO3 addition, the impurity 
peak of La2Zr2O7 in the positive-electrode mixture disappeared. With 
the same 5 wt% Li2CO3 addition in the negative-electrode mixture 
(Fig. 2), only a slight amount of La2Zr2O7 impurity was observed; im
purity disappeared with 10 wt% Li2CO3 addition. Some unknown phase 
(s) still existed in both positive and negative-electrode mixture even 
when the amount of Li2CO3 was increased to 20 wt%. The reaction can 
also be inferred by the observation that the peak intensities of LNM and 
LTO were lower than those of the unheated samples, as reported pre
viously [39]. 

After determining the optimal amount of Li2CO3 addition (5% for 
positive-electrode and 10% for negative-electrode), we pressed the 
positive-electrode, electrolyte, and negative-electrode layer by layer and 
then heated the whole structure at 800 ◦C for 1 h. Fig. 3(a) shows the 
schematic configuration of the tri-layer-structured cell in this work. We 
used the same amount of silver powder (to enhance electronic conduc
tivity) and Li3BO3 (to enhance adhesion) in both the positive and 
negative-electrode mixtures. In order to probe the influence of Ag on 
electrodes, we used XPS spectra of Ag 3d to investigate the chemical 
state of Ag in those two mixtures, shown in Fig. 4(s). The two 3d peaks 
are 368.13/374.13 and 368.16/374.16 eV in the positive and negative 
electrodes, respectively. The splitting distance of the 3d doublet in two 
samples is 6.0 eV and thus corresponds to Ag0 oxidation state [40], 
indicating that Ag exists as a metallic state in two mixtures. We added 
LLZT and 20 wt% of Li3BO3 in the electrolyte layer. 

SEM images and elemental distributions of portions of the cell are 
presented in Fig. 3(b) and (c). We can observe the good positive|elec
trolyte|negative interface. The signals of Mn, Ti, Ag indicated they were 
only in the electrode but not the electrolyte layer. Due to the small 
amount of Ni, it is hard to make conclusions on its distribution. We 
presented in Fig. 3(d) and (e) the element distribution across the in
terfaces of positive|electrolyte and negative|electrolyte by EDS line 
scan. Results indicated that Mn, Ni, Ti, Ag elements only existed in the 
electrode layers. 

We carried out the electrochemical characterization of the cell using 
a three-electrode configuration (Fig. 4) where the working-electrode 
(we) and counter-electrode (ce) are positive and negative electrodes, 
respectively. The reference-electrode is silver. In this three-electrode 

Fig. 2. Powder XRD patterns of LTO/LLZT mixture for different additive and 
heat treatment conditions. 

Fig. 3. (a) Schematic of tri-layer cell in this work. (b) Cross-section SEM image of positive-electrode (up) and electrolyte layer (down). EDS elemental mapping 
images of Mn, Ni and Ag. (c) Cross-section SEM image of electrolyte (up) and negative-electrode layer (down). EDS elemental mapping images of Ti and Ag. EDS lines 
profiles of (d) LNM/LLZT and (e) LTO/LLZT interface. 
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configuration, the contribution from the positive (as we-re) and negative 
(ce-re) can be separately measured. The whole cell signal is denoted as 
we-ce. Fig. 5(a) and Fig. 5(b) present the charging and discharging re
sults of the tri-layer-structured cell under 0.1 C current at 150 ◦C for 5 
cycles. While the charging behavior of positive-electrode, i.e. we-re, is 
typical of a sloping profile, the voltage change of negative-electrode 
starts with sharp decrease before turning into a “plateau”, a signature 

behavior of LTO. From Fig. 5(a), the resting (after 30 min) voltage of 
Ece-re after the 10 h charging decreased slightly with cycling, while the 
voltage of Ewe-re increased significantly, leading to increased values of 
whole-cell voltage or Ewe-ce. These values are around 3.5 V, which is 
very close to the expected value of ~3.2 V for LNM/electrolyte/LTO full 
cell, considering the flat operating voltage plateaus of ~4.7 V in LNM 
and ~1.5 V in LTO, respectively [41]. In the results of Hänsel et al. [33], 

Fig. 4. Schematic of three-electrode testing configuration used in this work. (we: working-electrode; re: reference-electrode; ce: counter-electrode.)  

Fig. 5. (a) Charging and (b) discharging profiles (cut-off voltage of Ewe-ce was set at 0 V) of tri-layer sample using three-electrode method, tested at 150 ◦C under 
0.1 C (88.9 μA cm− 2) current. 

Fig. 6. Impedance spectra during the shelf tests (a) electrolyte-cell and (b) tri-layer cell tested every 10 h at 150 ◦C (air).  
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LNM was not stable with Ga-doped LLZ when being charged to 3.8 V 
(using Li anode), whereas our result demonstrates LNM can be stable 
with garnet-type solid electrolyte LLZT at a higher voltage. This is the 
first time to successfully apply 5 V-class LNM cathode in a battery based 
on garnet-type solid electrolyte. After charging, we applied the same 
current 0.1 C to the discharging until the whole-cell voltage dropped to 
0. While the discharging voltage profile of positive-electrode (we-re) 

look similar to the charging profile with a shallow sloping, the voltage of 
negative electrode (ce-re) increase quickly and prematurely to the 
cut-off voltage, such that the full discharge capacity could not be ach
ieved. For example, the five-cycle coulombic efficiency of discharging 
process was 19%, 36%, 47%, 52% and 57%, respectively. The low 
coulombic efficiency of 1st cycle might be caused by the side reaction of 
Li2CO3 or LiOH at the interface [38], and the coulombic efficiency of 

Fig. 7. (a, b) Impedance response of positive and negative electrodes in the discharged and charged states. (c, d) Fitting results of areal resistances (R1 and R2) of 
positive and negative electrodes in the discharged and charged states, as well as during the shelf test. 
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following cycles kept increasing after Li2CO3 or LiOH disappeared [42]. 
Impedance response results of electrolyte-cell and tri-layer cell dur

ing the shelf test are shown in Fig. 6. First, the impedance response of 
electrolyte-cell with silver electrodes is shown in Fig. 6(a), with a partial 
arc (modeled as R1/CPE1 where “/” represents the parallel connection) 
at high frequencies and a blocking tail at lower frequencies (modeled as 
+ CPE3 where “+” represents the series connection). As the measure
ment was done at 150 ◦C we can ignore the grain boundary contribution 
and attribute the partial arc to the electrolyte based on the frequency 
response (i.e. >0.14 MHz). In addition, the effective capacitance value 
of this partial arc, ~25 pF, also suggests a bulk response. When this cell 
was exposed to air, the R1 resistance kept increasing based on five 
consecutive tests with 10-h interval, i.e. Fig. 6(a). This resistance in
crease is probably due to the contamination of CO2 and H2O as reported 
previously [38,43]. 

The impedance responses of positive (i.e. we-re) and negative (i.e. 
ce-re) electrodes are shown in Fig. 6(b). Based on the frequency response 
and resistivity values of electrolyte in Fig. 6(a), equivalent circuits could 
be constructed to understand different processes in electrodes. For the 
positive-electrode, equivalent circuit was R1/CPE1+CPE3, where R1/ 
CPE1 was the electrolyte response while CPE3 was due to diffusion in 
the electrode (no charge transfer processes can be separated). For the 
negative-electrode, equivalent circuit was R1+R2/CPE2+CPE3, corre
sponding to electrolyte, interface, and diffusion, respectively. Indeed, 
the effective capacitance of CPE2 is ~μF, which suggests that it is due to 
the interface between solid electrolyte and electrode. The summation of 
R1 (i.e. electrolyte contribution) of positive and negative-electrodes is 
similar to the value of R1 in the electrolyte-cell as electrolytes in the two 
cells have similar dimensions. The 10-h interval shelf-test of the tri-layer 
cell also indicated that R1 and R2 of both electrodes kept increasing, to 
be shown in Fig. 7(c) and (d), similar to what was observed in the 
electrolyte cell. 

Impedance response results of the tri-layer cell during the charging/ 
discharging processes are shown in Fig. 7. Responses in the discharged 
state, i.e. Fig. 7(a) were similar to those during the shelf test shown in 
Fig. 6(b). This observation is not surprising as the fully or mostly dis
charged cell should have electrochemical properties similar to that in 
the shelf test. Therefore, the same equivalent circuits, R1/CPE1+CPE3 
for positive and R1+R2/CPE2+CPE3 for negative, to those in the shelf 
test were employed for the discharged state. At the charged state, the 
interfacial contributions of both positive and negative electrodes can be 
better resolved in the impedance response (Fig. 7(b)), compared with 
the discharged state. While R1+R2/CPE2+CPE3 is still a suitable 
equivalent circuit for the negative-electrode in the charged state, we 
applied a circuit of R1/CPE1+R2/CPE2 to include the interfacial 
response of positive-electrode. Time evolution of R1 and R2 during 
cycling is shown in Fig. 7(c) and (d). As observed in the shelf test, both 
R1 (i.e. electrolyte) and R2 (interface) increase with cycling for both 
electrodes. When we compare the interfacial resistance of positive and 
negative-electrodes, values of negative-electrode are about 1 order of 
magnitude lower in the charged state, suggesting that the positive- 
electrode|electrolyte interface could be further improved. For 
example, it was reported that coating or buffer layer could mitigate this 
interface problem [8,11]. 

Examination of both the voltage profiles (Fig. 5) and impedance 
response (Fig. 7) of positive and negative electrodes enabled by the 
three-electrode analysis could offer some insights on the low coulombic 
efficiency observed during cycling. Although there was noticeable 
interfacial impedance increase for the positive electrode going from 
discharged (Fig. 7(a)) to charged (Fig. 7(b)), as discussed earlier, it did 
not change the charging/discharging voltage profile significantly, other 
than affecting the instantaneous voltage jump. On the other hand, 
although the change of interfacial impedance of the negative electrode is 
small, it appears that the negative electrode is the performance-limiting 
component in the cell. While the intercalation of LTO (Li4Ti5O12), Fig. 5 
(a), is typical of two-phase coexistence reaction between Li4Ti5O12 and 

Li7Ti5O12, the deintercalation of Li7Ti5O12, Fig. 5(b), seems to have 
larger polarization, resulting in low coulombic efficiency. This larger 
polarization could come from two sources: (1) deintercalation of 
Li7Ti5O12 is a process leading to increased interfacial impedance (going 
from Fig. 7(b)–a); (2) possible solid electrolyte interphase (SEI) forma
tion between Li7Ti5O12 and LLZT due to increased Li content in the 
electrode. This SEI formation did not increase the interfacial impedance 
but induced structural change in Li7Ti5O12 in a way that slows down the 
phase transformation to Li4Ti5O12. This suggests that a solid-solution, 
instead of a phase-coexistence, material might be a better choice for 
the negative electrode. 

Powder XRD experiments were performed before and after cycling to 
check if there were significant phase evolution in the positive and 
negative electrode after charging/discharging. Results are shown in 
Fig. 8 with primary peaks attributed to LLZT electrolyte, LTO/LNM 
electrode, and Ag. There is negligible change in diffraction patterns 
before and after cycling, which suggests materials remain stable after 
repeated charging/discharging processes. 

4. Conclusions 

For the first time, we showed that we could use Li2CO3 to stabilize 
the interface between Ta-doped LLZ (LLZT) and LNM/LTO without 
producing the La2Zr2O7 impurity after the mixture was sintered at 
800 ◦C. When the electrode mixtures were supplemented with additives 
such as LBO and Ag, a tri-layer all-solid-state lithium-ion battery could 
be prepared as revealed by electron micrographs, EDS elemental map
ping, and EDS line scan. The battery could be charged and discharged at 
0.1 C rate for 5 cycles with charged voltages reaching as high as ~3.5 V. 
The three-electrode setup employed in the present work allowed the 
separation of contributions of positive-electrode, negative-electrode, 
and electrolyte in the cell whether in the shelf test, charged or dis
charged state. It was found that the areal resistance of electrolyte 
increased with time due to exposure to air. While overall the negative 
electrode has lower interfacial impedance compared with the positive 
electrode, the charging/discharging profiles indicated that the negative 
electrode might be rate-limiting. 
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