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ABSTRACT

Cubic-phase garnet-type Li7La3Z2O12 is a promising candidate for an electrolyte

of all-solid-state lithium-ion batteries; however, its poor sinterability due to Li

sublimation during firing has impeded large scale development. This study

demonstrates a solid-state reactive sintering (SSRS) process with added CuO as

a sintering aid to enable enhanced materials processing at lower temperatures.

Applying the SSRS process with the addition of 1 wt% CuO decreased the

sintering temperature for 0.5 mol%Ta-doped LLZTO pellets having over 90%

relative density from 1250 to 1100 �C to reduce Li loss. The 1 wt% CuO addition

did not lead to secondary phase formation as detected by XRD, nor to appre-

ciable electronic conduction below 100 �C as measured by four-point probe

method. The 1 wt% CuO-mixed LLZTO pellet exhibited high conductivity of

approximately 3.0 9 10-4 S�cm-1 (bulk) and 5.45x10-5 S�cm-1 (grain boundary).

The mechanism of CuO function as a sintering aid is presumed to be enabling

liquid-phase sintering along with enhancing the decomposition of LiOH. The

combined SSRS process along with optimized CuO sintering aid addition is a

one-step process that is a practical technique to enhance the preparation of

LLZO-based electrolyte for all-solid-state lithium-ion batteries.

Introduction

Garnet-type Li7La3Zr2O12 (LLZO) has been inten-

sely studied as an electrolyte for all-solid-state

lithium-ion batteries because of i) its high Li?

conductivity ([ 10-4 S�cm-1) [1], ii) wide electro-

chemical window up to 4.6 V–6.4 V [2, 3], and iii)

chemical compatibility with Li metal [4]. The
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thermodynamically most stable tetragonal phase

LLZO (space group I41/acd, No. 142) has no Li

vacancies and possesses relatively low Li? con-

ductivity. Therefore, most investigations have

focused on a cubic-phase LLZO (space group Ia-3d,

No. 230) stabilized by donor dopants (e.g., Al3?,

Ga3? in Li sites [5–8], Ta5? in Zr sites [9, 10])

resulting in increased Li vacancies for charge

compensation. However, even with the donor

dopant additions, the preparation of highly con-

ductive LLZO is still challenging because of its

poor sinterability resulting from Li sublimation.

Adding excess Li to green LLZO and maintaining

high Li vapor pressure during sintering are general

methods to suppress the Li sublimation [6, 11, 12];

however, their optimum conditions depend on a

number of variables that are difficult to quantify or

control. Fundamental solutions to suppress the Li

sublimation are in demand to prepare dense and

highly conductive cubic-phase garnet-type LLZO.

Li sublimation becomes apparent above 900 �C
[13]; therefore, facilitating ion migration during

sintering by the addition of sintering aids to reduce

sintering duration at temperatures in excess of

900 �C is expected to improve the sinterability of

LLZO. Five kinds of sintering aids that function by

different mechanisms have been reported in LLZO-

based materials. The sintering aid Li3BO3 works as

non-reactive liquid medium leading liquid-phase

sintering [13–16]. The remaining Li3BO3 does not

block the Li ion conduction although its conduc-

tivity (& 10-6 to 10-4 S�cm-1 [14, 17–19]) is lower

than that of LLZO. Jonson et al. have presented

that 1–2 wt%Li3BO3-mixed Li7La3Zr1.75Nb0.25O12

sintered in Ar at 1000 �C for 6 h exhibiting rela-

tively high ionic conductivity of 2-3x10-4 S�cm-1

although its relative density is not reported [13].

The sintering aid Li4SiO4 works by accumulating

impurity phases at grain boundaries during sinter-

ing [18–21]. Ta [20], Al [18], and Ta–Al-codoped

[19] LLZO mixed with 5 wt% Li4SiO4 exhibited

relative density in the range of 84-94% after sin-

tering at 1200 �C for 24 h. A relative density of 94%

and a conductivity of 3.7x10-4 S�cm-1 (at 33 �C)
have been reported in the case of 0.6 mol % Ta-

doped LLZO mixed with 1 wt%Li4SiO4. The

decomposition of Li2CO3 provides a Li2O-rich

atmosphere and the permeated Li2O will facilitate

the formation of a eutectic phase, which is also

treated as a sintering aid in some studies [22, 23].

The sintering aid MgO works by pinning grain

growth. Huang et al. have reported that the growth

of Ta-doped LLZO grains could be controlled to be

approximately 5 lm when MgO content is higher

than 4 wt% [24, 25]. 10-nm-size MgO exists at grain

boundary triple junctions of the Ta-doped LLZO at

the initial and intermediate stages of the sintering

process, resulting in tight intergrain bonding.

Zhang and Sun have recently found that CuO can

be a new class of sintering aids [26]. They mixed 2

wt% CuO with a single-phase W-doped LLZO and

prepared samples with 97.6% relative density by

sintering at a relatively low temperature (1120 �C)
for short duration (6 h). The proposed mechanism

of the CuO sintering aid is that CuO (melting point

1326 �C) becomes a liquid phase during sintering

and fills the grain boundary.

Among the five kinds of the sintering aids that

are described in the brief review above, the effect

of CuO on the sintering of LLZO may be consid-

ered the most promising. The working mechanism

proposed by Zhang and Sun is different from the

case of sintering other electrolyte materials (e.g.,

perovskite-type BaZrO3-BaCeO3 solid solution) in

ceramic fuel cells [27–29]. In the case of LLZO, CuO

exists in an amorphous state at the grain boundary

and enables liquid-phase sintering. This is in con-

trast to the case of the BaZrO3-BaCeO3 solid solu-

tion where CuO is soluble in the perovskite lattice

[30]. The difference may be due to reactions that

occur during the sintering process: i) a conventional

multistep (calcination and sintering) firing as com-

pared to ii) a one-step solid-state reactive sintering

(SSRS) process. The present work focuses on

mechanism and impact of CuO sintering aids in the

preparation of LLZO via the SSRS process.

0.5 mol %Ta-doped LLZO (Li5.5La3Zr1.5Ta0.5O12)

was used in this study as a model system because

Ta can stabilize the cubic phase without blocking Li

conduction paths as opposed to Al and Ga dopants

[8, 31]. In this paper, the sintering behavior of the

SSRS-derived Ta-doped LLZO mixed with various

amount of CuO is investigated and a potential

working mechanism of the CuO sintering aid in the

SSRS process is proposed. An optimum CuO con-

tent in terms of electrochemical properties includ-

ing ionic conductivity, electrical conductivity, and

open circuit cycling is reported.
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Materials and methods

0, 1, and 5 wt% CuO-mixed LLZTO were synthesized

by the SSRS method using the following raw mate-

rials: LiOH (98%, Sigma-Aldrich�), La2O3

(99.99%,Acros Organics�), ZrO2 (99%, Sigma-

Aldrich�), Ta2O5 (99.99%, Inframat�), CuO (99.9%,

Sigma-Aldrich�–). The weight percent of CuO is

given with respect to the total weight of the green

LLZTO powder and CuO. These raw materials (20 g

in total) were ball milled with 100 mL acetone (99%

purity, Xtractor-Depot�) and 12.5 mm and 6 mm

zirconia balls for 48 h in a 300 mL high-density

polyethylene bottle, and then, they were dried using

an infrared light for approximately 10 h. Green CuO-

mixed LLZTO pellets with a dimension of 15 mm

diameter and 1 mm thickness were prepared by dry

pressing the dried powder at 400 MPa for 2 min.

These pellets were then sintered at 1050 �C, 1100 �C,
1150 �C, and 1200 �C for 10–30 h with a heat-

ing/cooling ramp of 5 �C�min-1. For reference, the

LLZTO pellets were also prepared via conventional

sintering technique: three-time calcination at 950 �C

for 5 h followed by sintering at 1100 �C for 5 h.

The crystalline phases present, density, morphol-

ogy, and electrochemical properties were investi-

gated for the CuO-mixed LLZTO. The crystalline

structure was analyzed by X-ray diffractometry

(XRD, Rigaku� Ultima IV diffractometer) and Raman

(HORIBA� LabRAM HR Evaluation). XRD was con-

ducted in the two-theta range of 10 to 70 degrees with

a step size of 0.1 degree. The density was measured

by the Archimedes’ method using the 99% pure

acetone. The morphology was studied using a cold

field emission scanning electron microscope (SEM,

Hitachi� S4800) having energy-dispersive X-ray

spectrometer (EDS). Since the energy of Cu-Ka

(8.040 keV) is close to that of Ta-La (8.145 keV), a low

accelerating voltage of 5 keV was applied. For the

electrochemical measurement, electrochemical impe-

dance spectroscopy (EIS) was conducted in a tem-

perature range of 25 �C to 100 �C and a frequency

range of 0.1 Hz to 5 MHz by applying 10 mV AC

amplitude. Silver paste (Heraenus�) was pasted on

the both sides of the sintered pure/CuO-mixed

LLZTO pellets and heated at 700 �C for 30 min. The

equivalent-circuit fitting for the impedance spectra

was conducted using Z-view� provided by Scribner.

The conductivity, r (S�cm-1), of the pellets was cal-

culated in accordance with Eq. (1):

r ¼ L=RS ð1Þ
where L is the thickness (cm), S is the cross-sectional

area (cm2), and R (X) is the resistance of the pellets.

An activation energy, Ea (eV), of the conduction was

given by an Arrhenius-type plot in accordance with

Eq. (2):

rT ¼ Aexp �Ea=kTð Þ ð2Þ

where T (K) is the temperature, A is a pre-exponential

parameter, and k is a Boltzmann constant

(8.6173 9 10-5, eV�K-1).

A four-wire DC measurement was conducted with

a multimeter (Keithley� 2001) on the 1 wt% CuO-

mixed LLZTO rectangular pellet (15 mm 9 5 mm) in

the temperature range from room temperature

(25 �C) to 200 �C to determine its electronic conduc-

tivity, re (S�cm-1). This measurement was conducted

after the temperature reached the target temperature

and was maintained for 2 h duration with a ramping

rate of 5 �C/min. The lithium ionic transference

number, tLiþ , of these pellets was determined by the

following Eq. 3.

tLiþ ¼ r� re
r

ð3Þ

Open circuit voltage (OCV) of full cells consisting

of the pure/CuO-mixed LLZTO as the electrolyte

was conducted using a potentiostat galvanostat (SI

1287, Solartron�) and was recorded with CView�

software. A Li foil (99.9%, MTI�, / 6 mm, 0.3 mm

thick) was used as an anode and a composite of

LiCoO2 (C 98%, MTI�), carbon black conductive

additive (Superior Graphite�), and polyvinylidene

difluoride (PVDF, Sigma-Aldrich�) in a weight ratio

of 90:5:5 was used for an cathode. For the cathode

preparation, the LiCoO2 powder and carbon black

were mixed in N-methyl-2-pyrrolidone (NMP,

C 99.5%, VWR�) solution and heated at 80 �C for

120 min, and then, it was mixed with the PVDF

binder by a 5-mm-long magnetic stirring bar over-

night. The full cell was assembled in an argon

glovebox by painting the cathode slurry on the

LLZTO pellets, heating using a vacuum oven at

150 �C overnight, mounting the Li foil on the other

side of the pellet, and sealing them into a coin cell

(CR2032, MTI�).
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Results

The amount of the CuO must be optimized to avoid

the formation of Cu-related secondary phases. Pow-

der XRD patterns of the pure and the 0, 1, and 5 wt%

CuO-mixed LLZTO pellets sintered at 1100 �C by

SSRS process or by the conventional two-step (calci-

nation and sintering) process are shown in Fig. 1. A

pyrochlore-type La2Zr2O7 phase appeared for the

pure LLZTO pellets when sintered by the conven-

tional process; however, no secondary phase was

detected when fabricated by the SSRS process. This

indicates that the Li sublimation can be suppressed

by applying the SSRS method. The pychlore-type

La2Zr2O7 phase was detected in the 5 wt% CuO-

mixed LLZTO after SSRS; however, this behavior was

most likely due to Li consumption by the formation

of Li3Cu2O4. The formation of the Li3Cu2O4 in 5 wt%

CuO-mixed LLZO derivatives is consistent with the

report by Zhang and Sun [26]. Meanwhile, the 1 wt%

CuO-mixed LLZTO pellet contained no secondary

phases that could be detected by XRD.

The addition of CuO combined with the SSRS

method is expected to enhance the densification of

LLZTO pellets. Cross-sectional SEM images of the

pure and CuO-mixed LLZTO pellets sintered at

1100 �C for 20 h via the conventional multistep (cal-

cination and sintering)/SSRS paths are shown in

Fig. 2. For the pure LLZTO pellet sintered via the

conventional process (Fig. 2a), the grains are rela-

tively isolated as compared to the connected grains

observed in samples that were sintered via the SSRS

process (Fig. 2b). The intergrain bonding was further

accelerated by CuO addition, as shown in Fig. 2c and

d. The morphological differences between the LLZTO

mixed with 1 and 5 wt% CuO is negligible, suggest-

ing that only the small amount (1 wt% in this case) of

CuO is required to accelerate the mass-diffusion

between grains. A Cu-enrichment phase was con-

firmed in the intergrain regions as shown in Fig. 2e.

The relative density of pure LLZTO pellets sintered

via the SSRS route and the conventional multiple-step

route, and that of 1 and 5 wt% CuO-mixed LLZTO

pellets sintered via the SSRS route are shown in

Fig. 3. The pure LLZTO pellets sintered by the SSRS

process displayed higher density than those sintered

by the conventional process, and the density could be

further increased by CuO additions. The difference in

the density between the 1 and 5 wt% CuO-mixed

LLZTO was negligible, suggesting that only a small

(1 wt% in this case) amount of CuO is required to

enhance densification of LLZTO. Adding 1 wt% CuO

combined with SSRS method, the LLZTO pellets

having higher than 90% density could be prepared by

sintering at 1100 �C, which temperature is 150 �C
lower than the case of no CuO addition and the

conventional sintering route. Comparing the relative

densities of the SSRS-derived CuO-mixed LLZTO

with those of the reported cubic-phase LLZO-based

materials sintered with the sintering aids, the corre-

lation relation between the relative density and the

sintering-aid species is not straightforward. This

implies that the densification process of these sin-

tering-aid-mixed cubic-phase LLZO-based materials

is impacted rather by other parameters (e.g., sample

dimension, grain size, atmosphere, packing density

of green bodies).

High Li? conductivity can be expected in the SSRS-

derived CuO-mixed LLZTO pellets because of their

high relative density in excess of 90% and their cubic

crystal structure having the Li vacancies. Electro-

chemical impedance spectroscopy performed on a

range of LLZTO materials investigated in this work: a

pure LLZTO pellet sintered at 1250 �C for 5 h via the

conventional multistep route; and pure, 1, and 5 wt%

CuO-mixed LLZTO pellets sintered at 1100 �C for

20 h via the SSRS route. Figure 4a shows a typical

impedance spectrum of the LLZTO pellets below

100 �C.
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Figure 1 Powder XRD patterns of the 0, 1, and 5 wt% CuO-

mixed LLZTO pellets sintered at 1100 �C.
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The spectra exhibit two semicircles and a low-fre-

quency tail. These features were fitted using one

resistance attributed to bulk diffusion (Rb), two par-

allel circuits having a resistance and a constant phase

element attributed to grain-boundary diffusion and

charge transfer between LLZO and electrodes (Rgb-

? CPEgb and Rct ? CEPct), and one Warburg diffu-

sion impedance (Wdiff), as in accordance with

previous reports [33–35]. At higher temperature

([ 150 �C), the bulk and grain-boundary conductions

could not be separated. Generally, the bulk diffusion

was fit without capacitance component because of its

high response to the signal. For the grain boundary

diffusion and the charge transfer, the CPE component

is also generally used as an alternative to the capac-

itance component because these processes are com-

prised of multiple elementary steps having different

time constants. Therefore, the maximum Z’’ values of

these processes become less than R/2. Because of

Figure 2 Cross-sectional

SEM images of the LLZTO-

based pellets sintered at

1100oC: pure LLZTO sintered

a by the conventional process

and b by the SSRS process,

and, c 1wt% and d 5 wt%

CuO-mixed LLZTO pellets

sintered by the SSRS process.

e shows EDS mapping images

of the 5 wt% CuO-mixed

LLZTO pellet.
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these multiple time constants, the existence of the two

R ? CPE components is rarely clear; however, it is

widely accepted in the field of solid-state ionics

because of the physical link to the materials and

necessity for fitting with small error range. The

Warburg diffusion impedance represents the chang-

ing degree of oxidation/reduction reaction of the

diffused ion at the electrolyte–electrode interface

with decreasing frequency and theoretically provides

a line with 45� slope in the Z–Z’’ Nyquist plot.

Figure 4b shows the impedance spectra of the

SSRS-derived LLZO pellets with and without CuO

addition measured at room temperature. The

resistances and the related fitting parameters of each

sample are listed in Table 1. The fitting errors for the

resistance components and overall spectra were

smaller than 5%, showing that the resistances (con-

ductivities) given by this fitting are reliable for dis-

cussion. This table shows that the 1 wt% CuO-sample

is special due to its low Rgb. This is consistent with

the fact that the CuO aids the densification and pre-

cipitates at grain boundary; therefore, CuO does not

change the bulk resistance and decreases the grain-

boundary resistance. The further addition of CuO

(e.g., 5 wt%) results in insignificant change in Rb but

increase Rgb. This implies the excess CuO leads the
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Figure 4 a A typical impedance spectrum of the SSRS-derived

LLZTO pellets (sintering condition: SSRS 1100 �C for 20 h) and

its equivalent circuit; b impedance spectra the SSRS-derived

LLZO pellets with (1 wt% CuO) and without CuO addition

measured at 25 �C (0.15 cm thick and 1.23 cm in diameter for 1

wt% CuO, 0.19 cm thick and 1.43 cm diameter for pure sample);

Arrhenius plots of c grain boundary and d total lithium-ion

conductivity of the LLZTO pellets.
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formation of the impurity phases (shown in Fig. 1) at

the grain boundary.

Arrhenius plots of (c) the grain boundary and

(d) the total conductivity for the LLZTO pellets are

shown in Fig. 4. For all cases, the conductivity is

higher for the bulk than for the grain boundary, and

the activation energy is lower for the bulk than for the

grain boundary. This is in accordance with well-

known tendency among solid-state ionic conductors

of that the bulk is more conductive than the grain

boundary [36]. For the pure LLZTO pellets, the sin-

tering via the conventional multistep route resulted

in higher conductivity than that via the SSRS route

presumably due to increased Li loss during multistep

sintering which leads to the formation of the Li

vacancies.

For the SSRS-derived LLZTO pellets, the addition

of 1 wt% CuO resulted in the highest conductivity

due to that it accelerated the densification. Compared

to the addition of 1 wt% CuO, the addition of 5 wt%

CuO results in lower conductivity, which is most

likely because of the formation of Li3Cu2O4 and La2-
Zr2O7 phases in the 5 wt% CuO-mixed LLZTO pellet

(Fig. 1). The 1 wt% CuO-mixed LLZTO pellet indeed

shows higher bulk conductivity than that of the 1

wt% CuO-mixed LLZWO pellet reported by Zhang

and Sun [26]. This may be due to the contribution of

either 1) Ta doping substitution on the Zr sites rather

than W doping substitution on the Li sites of the

LLZO, and/or 2) the use of a SSRS method as an

alternative sintering method.

Table 2 presents a comparison between the SSRS-

derived CuO-mixed LLZTO and reported LLZO

derivatives fired with the sintering aids in terms of

the sintering process, relative density, and total

conductivity. The SSRS-derived CuO-mixed LLZTO

shows good density of 90% and good conductivity

on the order of 10-4 S�cm-1 even though it was

made with the conventional raw ceramic powders

and fired only at once at the mild temperature of

1100 �C. This is likely due to the contribution of i)

the SSRS process which reduces the total heating

duration over 900 �C and therefore reduces the Li

sublimation compared to the conventional sintering

process, and ii) the CuO sintering aid which pre-

sumably facilitates both the phase formation and

the densification. Since the SSRS process is a one-

step process that can be carried out without special

apparatuses and CuO is an abundant raw material,

applying the SSRS process and adding CuO would

be a good practical technique to prepare the LLZO-

based electrolyte for the all-solid-state lithium-ion

batteries.

Although the SSRS-derived 1 wt% CuO-mixed

LLZTO pellet sintered at 1100 �C exhibits high

levels of total conductivity, the possibility of

enhancing the contribution of electronic conduction

(electron/hole) by CuO addition was also studied.

Four-wire DC conductivity and full-cell OCV mea-

surements were conducted to examine a Li?

transference number of the 1 wt% CuO-mixed

LLZTO. As shown in Table 3, the 1 wt% CuO-

mixed LLZTO pellet exhibited higher DC resistance

than the measurement limitation (2 x106 X) at

100 �C or below, suggesting that its DC conduc-

tivity is negligible (\ 5.70 x10-6 S�cm-1) and the

Li? transference number is 1.00 in the temperature

range. This is in agreement with the report by

Zhang and Sun [26]. The pure Li? conduction in

the 1 wt% CuO-mixed LLZTO pellet at the low

temperatures is supported by that the OCV mea-

surements of the Li|1wt% CuO-LLZTO|LiCoO2

cell (3.78 V). The measured OCV value was larger

than that of the Li|LLZTO|LiCoO2 baseline cell

(3.46 V), as shown in Fig. 5. These results demon-

strate that CuO-mixed LLZTO is a pure lithium

ionic conductor below 100 �C when the CuO con-

centration is limited at a low level of 1 wt%.

Table 1 Resistances and related fitting parameters of CuO-LLZTO and LLZTO samples (CS: conventional sintering)

Sample Temperature (�C) Rb (X) Rb error (%) Rgb (X) Rgb error (%) Overall error (%)

1wt% CuO 25 854.4 0.03 280.6 0.61 0.01

5wt% CuO 23 1222 0.41 1948 0.59 1.90

Pure, SSRS 25 2150 0.36 2089 0.29 4.17

Pure, CS 25 473.2 0.43 694.6 1.71 2.04
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Discussion

In order to investigate the mechanism of CuO

enhanced sintering of the LLZTO, the phase evolu-

tion behavior of the 1wt% CuO-LLZTO pellet was

analyzed by XRD and Raman spectroscopy. The XRD

patterns of the CuO-LLZTO fired at 700 �C, 800 �C,
900 �C, and 1000 �C are shown in Fig. 4a. The for-

mation of a K2NiF4-type La2Cu0.5Li0.5O4 phase was

confirmed at 700 �C and 800 �C, and this phase dis-

appears at temperatures above 900 �C. This assess-

ment of the phase evolution is consistent with the

Raman spectra shown in Fig. 6b. According to Zhang

et al., the Raman peaks of the cubic-phase garnet-type

LLZO that appear in ranges of 200–300 and

300–450 cm-1 are corresponding to bonding of Li–O6,

Table 2 Relative density and total conductivity (at 25 �C) of the cubic-phase garnet-type LLZO-based materials sintered with the

sintering aids (CS: conventional sintering, BP: bed powder)

Nominal composition Sintering

aids

Methods Temperature &

duration

Relative

density

Total conductivity

(S�cm-1)

Activation

energy (eV)

Reference

Li6.5La3Zr1.5Ta0.5O12 Li2CO3 CS 1140 �C 16 h 88% 3.16 9 10-4 NA [22]

Li7La3Zr2O12 Li3BO3 Sol–gel 900 �C 36 h 58% 1.9 9 10-5 NA [16]

Li7La3Zr2O12 Li3BO3 CS 1100 �C 8 h 77% 1.61 9 10-5 0.58 [15]

Li7La3Zr1.75Nb0.25O12 Li3BO3 CS 1000 �C 6 h 91.8% 1.11 9 10-4 NA [13]

Li6.4La3Zr1.4Ta0.6O12 Li4SiO4 CS 1200 �C 24 h 94% 3.21 9 10-4 0.38 [20]

Li6.4La3Zr1.4Ta0.6O12 None CS 1200 �C 24 h 84% 9.24 9 10-5 0.43 [20]

Li6.4La3Zr1.4Ta0.6O12 MgO, BP CS 1180 �C 5 h 98% 3.35 9 10-4 0.43 [24]

Li6.3La3Zr1.65W0.35O12 CuO CS 1120 �C 6 h 97.6% 1.11 9 10-4 0.38 [26]

Li6.5La3Zr1.5Ta0.5O12 CuO SSRS 1100 �C 20 h 90.38% 1.06 9 10-4 0.43 This

work

Some of the conductivity at 25 �C and the activation energy are calculated by extrapolation of the given data

Table 3 Temperature-dependent AC/DC conductivities and transference numbers of the 1wt% CuO-mixed LLZTO pellet sintered at

1100 �C and 2 wt% CuO-mixed LLZWO reported by Zhang and Sun [26]

Materials Temperature

(oC)

AC total conductivity

(S�cm-1)

DC conductivity

(S�cm-1)

Li? transference

numbers

1wt% CuO-mixed LLZTO (this work) 25 1.06 9 10-4 \ 5.70 9 10-6 1.00

50 3.62 9 10-4 \ 5.70 9 10-6 1.00

100 2.51 9 10-3 \ 5.70 9 10-6 1.00

150 1.29 9 10-2 7.47 9 10-5 0.994

200 3.16 9 10-2 2.36 9 10-4 0.993

2 wt% CuO-mixed LLZWO (Zhang and

Sun [26])

25 1.88 9 10-4 1.388 9 10-8 1.00

Figure 5 OCV of the Li| pure or 1wt% CuO-mixed

LLZTO|LiCoO2 cells at room temperature.
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Li–O4, respectively. The detailed assignments are

given in Table 4. For the 1 wt% CuO-mixed LLZTO

pellet, the main Raman peaks 109.97 cm-1 (T2g),

118.09 cm-1 (Eg) are attributed to vibration of La–O

bonds. Peaks located at 239.38 cm-1 (A1g),

369.02 cm-1 (T2g), 410 cm-1 (T2g/E2g), 634.87 cm-1

(A1g), 731.16 cm-1 belong to Li–O vibration. The

Raman peaks at 634.87 cm-1 and 737.16 cm-1 are

attributed to vibrations of 1 Zr–O and Ta-O, respec-

tively. All the peaks match with the reported peaks of

the cubic-phase garnet-type LLZO [37, 38]. In addi-

tion to these peaks, at 700 �C and 800 �C, extra

Raman peaks at 151.342 cm-1, 188.552 cm-1,

575.241 cm-1, and 606.6 cm-1 were confirmed. These

peaks are attributed to vibration of La–O and Li–O in

the La2Cu0.5Li0.5O4 phase. This XRD-Raman analysis

suggests that the intermediate La2Cu0.5Li0.5O4 phase

may play an important role in the sintering process of

LLZTO.

Taking these results into consideration, the poten-

tial sintering mechanism of the CuO-mixed LLZTO

via the SSRS route can be proposed as shown in

Fig. 7. Although LiOH does not turn to Li2O oxide up

to 1000 �C [41], LiOH in the green LLZTO mixture

can become the crystalline oxide as the LLZTO at

lower temperature (680 �C [42]) by the virtue of the

Gibbs free energy for the formation of the garnet-type

LLZTO phase (DGgarnet). This determines the relative

position of the black, blue, and green lines in Fig. 7.

The oxidation temperature is further reduced by the

addition of CuO in the system owing to the formation

energy of the K2NiF4-type La2Cu0.5Li0.5O4 phase

(DGK2NiF4). The preferential formation of the La2-
Cu0.5Li0.5O4 phase in the early stage of the sintering

can be seen in Fig. 6a. This determines the relative

position of the black, green, and red lines in Fig. 7.

This denotes that the temperature for the formation

of LLZTO is reduced by the addition of CuO. At

900 �C, the La2Cu0.5Li0.5O4 phase decomposed

resulting in La3? and Li? incorporation into LLZTO,
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 1100 oCLLZTO
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Figure 6 a XRD patterns and b Raman spectra of the 1 wt%

CuO-mixed LLZTO pellets sintered at 700–1000 �C. The

abundance ratios of the phases are also shown in a.

Table 4 Raman peak position, vibrational mode assignment, their references, and bonding mode for the LLZO-based materials

Peak positions (cm-1) Vibrational modes References (Kumar

et al. [37] & Rupp

et al. [39])

Bonding mode (Zhang et al. [40])

110 T2g 107 La–O

118 Eg 121 La–O

240 A1g 340 Li-O6

369 T2g 361 Li-O4

410 T2g/E2g 410

T2g/Eg 514

635 A1g Zr–O

731 Ta-O
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whereas Cu2? most likely forms molten CuO.

Although the melting point of CuO is 1326 �C, it can
be molten even at this temperature range when it

exists with Li? [43]. Although no direct evidence of

molten CuO was obtained in this material system by

using transmission electron microscopy, Zhang and

Sun have confirmed that molten CuO exists at the

grain boundary in the case of a similar system,

W-doped LLZO [26]. The CuO-based melt fills the

grain boundary and accelerates the ion migration of

the sintering process [26]. It is thought that CuO

works as a sintering aid by the promotion of phase

formation of crystalline and the ion migration.

Additional details of these processes may be studied

in depth in future work by analyzing thermodynamic

parameters of the LLZTO and La2Cu0.5Li0.5O4 phases

using techniques such as high temperature melt

solution calorimetry [44, 45].

Conclusion

This study showed that the SSRS process and adding

CuO are beneficial to prepare dense LLZTO elec-

trolytes. Applying the SSRS process and adding 1

wt% CuO could be lowered the sintering temperature

for the LLZTO pellets having over 90% density from

1250 to 1100 �C. Whereas 5 wt% CuO addition

resulted in the evolution of the Cu-related secondary

phase, 1 wt% CuO addition resulted in no secondary

phases at the XRD level and no electronic conduction

below 100 �C. The 1 wt% CuO-mixed LLZTO pellet

exhibited the good conductivity of * 2.99x10-4

S�cm-1 (bulk) and * 4.44x10-5 S�cm-1 (grain

boundary) at room temperature (25 �C). In addition,

the overall conductivity of 1wt% CuO also reached

to * 10-4 S�cm-1 level, which was comparable with

related work. Judging from the formation of the

K2NiF4-type La2Cu0.5Li0.5O4 intermediate phase in

the heating-up process, CuO works as the sintering

aid presumably not only by enabling liquid-phase

sintering but also by promoting the decomposition of

LiOH. The combined SSRS process along with opti-

mized CuO sintering aid addition is a one-step pro-

cess that is a practical technique to enhance the

preparation of LLZO-based electrolyte for all-solid-

state lithium-ion batteries.
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