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Abstract
In the present study, series of garnet-type  Li6.75+xLa3−xSrxZr1.75Nb0.25O12 solid electrolytes [LLSZN with various Sr contents 
(x = 0.05–0.25)] have been prepared via conventional solid-state method. The effects of Sr contents on their phase structure 
and ionic conductivity have been systematically investigated on the combined measurements of X-ray diffraction and scanning 
electron microscopy and alter current impedance spectroscopy. Our results reveal that a phase transition from tetragonal to 
cubic structure occurs when both Sr and Nb elements is introduced, and such a cubic structure can be stable over the whole 
Sr contents variation, which is suggested to provide a beneficial impact on the performance of LLSZN. Accordingly, both 
relative density and total ionic conductivity exhibit a favorable tendency of increasing first and then decreasing with increased 
Sr contents, wherein a peak value at 93.46% and 5.09 × 10−4 S  cm−1, respectively, can be well achieved. Particularly, the 
maximum ionic conductivity is almost twice that of the compared sample (2.93 × 10−4 S  cm−1), and possess the minimum 
activation energy ~ 0.30 eV. Such a modification method, featured with higher efficiency and lower cost, is expected to be 
helpful for the development of solid electrolyte.

Keywords Li7La3Zr2O12 · Solid electrolyte · Li-ion conductivity · Solid-state reaction.

1 Introduction

Some issues involving low safety, stability, and poor cycling 
performances have occurred in traditional lithium ion  (Li+) 
batteries due to the presence of liquid electrolytes [1–3]. 
The presence of solid-state Li batteries (SSLiBs) makes it 
possible for solving suchlike questions, because solid rather 
than liquid electrolytes are employed in this case. Further-
more, SSLiBs have been found to possess high theoretical 
Li capacity and low negative potential [4–7], driving more 
searches on the design and exploitation of newly solid 
electrolyte materials. To date, a series of solid electrolytes 
involving perovskite-type titanate [8], NASICON-type phos-
phates [9, 10], and LISICON-type sulfides [11, 12] have 

been developed. Among these electrolytes, a class of garnet-
type  Li7La3Zr2O12 (LLZO) material attracts considerable 
attention by virtue of high ionic conductivity and wide elec-
trochemistry potential window [13–15]. In fact, two kinds 
of phase structures including tetragonal and cubic phase 
occur in LLZO [13, 16–18]. The former of which features 
with an ordered structure that requires lithium located at the 
tetragonal 8a site and octahedral 16f and 32 g sites (space 
group I41/acd; No. 142) [16]. While the latter in LLZO crys-
tal is a disordered structure with lithium at tetrahedral 24d 
Li(1) and octahedral 96 h Li(2) sites (space group Ia`3d; 
No. 230) [17]. Such a distinctly different arrangement for 
 Li+ would apply significant influence on the  Li+ conductiv-
ity; for instance, cubic LLZO exhibits intrinsically higher 
conductivity (two orders of magnitude higher) as compared 
with tetragonal-LLZO [13, 16]. In this sense, the cubic phase 
structure is a desirable for the improvement of conductivity. 
Unfortunately, such a structure is unable in nature. There-
fore, efforts to incorporate structural stabilization technol-
ogy are necessary for achieving higher performance LLZO 
electrolyte.

Recently, great progress in this aspect has been made by 
introducing doping modification. In particular, most studies 
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suggest that  Al2O3 is a high-efficiency dopant in LLZO crys-
tal helping to stabilize cubic phase, better yet, it can also 
serves as a solubilizer to decrease the sintering temperature 
approaching 230 °C [18–21]. For example, Geiger et al. [18] 
suggested that Al substitute for Li  (Al3+→  3Li+) might act 
to stabilize the cubic phase relative to the tetragonal phase. 
Furthermore, Rangasamy et al. [21] considered that  Al3+ 
substituted for three  Li+ and two vacancies were formed 
according to the charge neutrality and was the vacancies 
concentration to determine the phase stability. Therefore, 
adding a certain amount of  Al2O3 into LLZO is expected 
to facilitate the formation of cubic phase; simultaneously, 
drastical reduction in sintering temperature can be achieved. 
In addition, the incorporation of aliovalent element (i.e., Al, 
Nb, Ta, Te, Si, In, and Ge) into LLZO (aliovalent doping) 
has also been reported to stabilize the cubic phase of LLZO 
garnet with high  Li+ conductivity [19, 22–25].

As mentioned above, searching for suitable dopants has 
become a vital topic in the stabilization of cubic LLZO and 
the improvement of  Li+ conduction properties. In this direc-
tion, attempts to obtain LLZO solid solution substituted by 
either  Ta5+ or  Nb5+ have been found [26, 27]. In particular, 
the replacement of  Nb5+ for  Zr4+ in LLZO lattice with a 
nominal composition of  Li6.75La3Zr1.75Nb0.25O12 has maxi-
mized  Li+ conductivity up to 8 × 10−4 S·cm−1 [26], which 
is the maximum value reported to date (to our knowledge). 
In addition to doping effect, the microstructure associated 
with grain boundaries is another critical factor affecting the 
LLZO’s quality and thus their practical application as a solid 
electrolyte or membrane electrode assembly in both all-
solid-state lithium and lithium–air batteries. To be specific, 
a dense microstructure tends to promote the enhancement of 
total  Li+ conductivity (grain + grain boundaries) by reducing 
the grain-boundary resistance and restraining the dendritic 
growth during lithium deposition [28]. It is well established 
that sintering temperature can be reduced when the  La3+ site 
in LLZO lattice is substituted by  Sr2+ or  Ce4+ [29, 30], while 
improved conductivity can be realized through substituting 
the other sites like  Zr4+ by  Nb5+ or  Ta5+ [31, 32]. That is, 
the property enhancement for LLZO electrolytes strongly 
depends on the doping sites of aliovalent elements.

Hence, preparing a LLZO solid electrolyte with simul-
taneous replacement of  La3+ and  Zr4+ site is necessary for 
both practical production and applications. However, only 
a few data in this respect can be detected [28, 31, 32]. To 
accomplish it, double-doping technique seems as a feasible 
way, and the effects of their doping content variation on the 
phase structure, compactness, and  Li+ conduction behav-
ior need further investigation. In the choice of material, Nb 
and Sr elements should stand out from aliovalent elements, 
because they are suggested to be an effective sintering and 
densification agents [33]. Besides, Sr ion (140 pm) exhibits a 
larger radius than La ion (130 pm), which is expected to play 

a positive role in the improvement of  Li+ conduction, since it 
has been found that the ion substitution with a larger diame-
ter could widen the  Li+ migration pathway and thus increase 
the  Li+ mobility [34]. In addition, supervalent cation substi-
tution can effectively increase the vacancy concentration and 
finally improve  Li+ conductivity by lowering the activation 
energy [35]. From the perspective of grain structures, high 
density, few boundaries, and good connectivity could help 
reduce intergranular impedance, and introducing sintering 
aids (like  Al2O3) is a practical way to achieve it [28, 36, 37].

From the above, considering the complexity of co-doped 
system, we first design series  Li7−xLa3Zr2−xNbxO12 solid 
solution with various Nb contents, and confirm the optimal 
Nb doping contents (x = 0.25) for the highest  Li+ conductiv-
ity [26]. Based on this condition, we further synthesize Sr-
doped  Li7La3Zr1.75Nb0.25O12 solid solution. For comparison, 
reference (pure  Li6.75La3Zr1.75Nb0.25O12) is prepared simul-
taneously. During sintering, 1.5 wt%  Al2O3 was added into 
LLSZN to promote structure transition from tetragonal to 
cubic phase and decrease the sintering temperature [19, 38]. 
Subsequently, systematic investigations in terms of phase 
structure, relative density, and  Li+ conductivity have been 
carried out.

2  Experimental

2.1  Sample preparation

A conventional solid-state reaction procedure was employed 
for the preparation of  Li6.75+xLa3−xSrxZr1.75Nb0.25O12 
(x = 0.05–0.25), in which Li, La, Sr, Zr, and Nb sources 
come from high-purity  Li2CO3 (Aladdin reagent, 99%), 
 La2O3 (Sinopharm Chemical Reagent Co., Ltd, 99.99%), 
 ZrO2 (Sinopharm Chemical Reagent Co., Ltd, 99.9%), 
 Nb2O5 (Sinopharm Chemical Reagent Co., Ltd., 99%), and 
 SrCO3 (Sinopharm Chemical Reagent Co., Ltd, 99.9%), 
respectively.  Li6.75La3Zr1.75Nb0.25O12 samples were also 
prepared for comparison. In particular, during sintering, an 
excess of 10 wt%  Li2CO3, was added into the mixture to 
compensate the possible volatilization of Li.  La2O3 was pre-
dried at 900 °C for 10 h. Meanwhile, to lower the sintering 
temperature more effectively and further promote the forma-
tion and stabilization of cubic phase, 1.5 wt%  Al2O3 (Sinop-
harm Chemical Reagent Co., Ltd, 99.5%) was also added. 
Subsequently, the mixtures were ball milled with zirconia 
balls in a 2-propanol solvent using Pulverisette 7 (Fritsch, 
Germany), wherein the milling time and rotate speed were 
set at about 10 h and 300 rpm, respectively. The mixtures 
were heated in 1000 °C for 10 h in an open alumina cru-
cible and then cooled to room temperature. After that, the 
resultant powders were ground again using zirconia balls in 
2-propanol solvent for 10 h. After evaporating mixture, the 
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powders were pressed into pellets (9.9 mm in diameter and 
10 mm in thickness) by uniaxial pressure. Whereafter, a sin-
tering process at 1150 °C for 15 h was performed on the pel-
lets covered with mother powder to reduce possible Li loss.

2.2  Characterization

All element concentrations were determined by induced 
coupled plasma optical emission spectrometer (ICP-OES, 
VARIN VISTA-MPX). To investigate the effect of Sr con-
tents on the phase structure, X-ray diffraction (XRD, D/max 
2500 model, Japan) in θ – 2θ configuration was carried out. 
A field-emission scanning electron microscope (SEM, Nova 
NanoSem 230) was employed to evaluate the surface mor-
phology of sintered pellets, and the component distribution 
within them was characterized by the coupled energy dis-
persive X-ray spectroscopy (EDS). For the measurement of 
relative density, the Archimedes method was performed on 
the sintered pellets, during measurement, 2-propanol was 
using as the immersion medium. The ionic conductivity in 
 Li6.75+xLa3−xSrxZr1.75Nb0.25O12 garnet material was meas-
ured by electrochemical workstation using a two-probe 
method. Before measurement, two sides of all samples were 
ground with SiC paper with 2000 grit. To prepare a complete 
electrode, Au, serving as Li-ion blocking electrodes, was 
sputtered on the top and bottom surfaces of the samples to 
form Au |LLSZN| Au specimen. Impedance spectra were 
collected from an electrochemical work station (ZAHNER-
IM6ex) in the frequency region from 3 × 106 to 1 Hz.

3  Results and discussion

3.1  Structural characterization

F i g u r e   1  s h o w s  t h e  X R D  p a t t e r n s  o f 
 Li6.75+xLa3−xSrxZr1.75Nb0.25O12 samples. The clear splitting 
peaks, shown in Fig. S1, are well presented in the un-doped 
sample (LLZO), indicating the existence of tetragonal phase, 
similar phenomenon can be found elsewhere [39]. The struc-
ture changes to a standard cubic structure when 0.25 mol 
Nb are introduced  (Li6.75La3Zr1.75Nb0.25O12 sample), accord-
ing to the fact that the addition of  Al2O3 during sintering 
could promote the formation of cubic phase [19, 38]. As for 
 Li6.75+xLa3−xSrxZr1.75Nb0.25O12 sample (co-doped with Nb 
and Sr), nearly, pure cubic garnet structure can be identified, 
although a small amount of  La2Zr2O7 appear in the case 
of relative low Sr contents (x = 0.05 and 0.10), which may 
be ascribed to the loss of Li during the sintering process, 
although excess  Li2CO3 has been added during preparation 
[40]. Notably, the diffraction peak intensity of  La2Zr2O7 
becomes weaker as the x increases from 0.05 to 0.10. In 
addition, with Sr contents increasing to 0.15 or higher, the 

signal from impurity phase disappears completely. That is, 
the samples co-doped with Nb and Sr exhibit a pure cubic 
structure. Considering no new phase related to Sr or Nb, 
the incorporation of both elements into LLZO would form 
a cubic LLZO solid solution structure, where part of La 
and Zr sites is substituted by additional Sr and Nb, respec-
tively. In such a structure, the increased Sr contents would 
be followed by an increased Li, just as the stoichiometry 
of  Li6.75+xLa3−xSrxZr1.75Nb0.25O12 shown, which, therefore, 
promotes the complete reaction of raw materials. Further-
more, the added Sr, as a solubilizer, could also decrease the 
sintering temperature and thus benefit to the formation of 
cubic phase to a certain degree [29, 33]. From the above, 
the LLSZN with a stable cubic structure can be prepared 
successfully via regulating the Sr contents.

Another interesting thing is the intensity of diffrac-
tion peak, as shown in Fig. S2, it can be seen that as 
the Sr contents increase, the intensity of the diffrac-
tion peak overall presents a trend of increasing first and 
then decreasing. According to the stoichiometric of 
 Li6.75+xLa3−xSrxZr1.75Nb0.25O12, the contents of Sr and Li 
increase, while La contents decrease with increasing of x, 
when the sample free of Sr contents, the chemical formula 
of ceramic compositions is  Li6.75La3Zr1.75Nb0.25O12 and the 
ceramics is mainly composed of nearly pure cubic phase. It 
is found from Fig. 1 that the ceramics contain cubic LLZO 
phase, and a small amount of  La2Zr2O7 and the diffraction 
peak intensity of LLZO crystals increase with the increasing 
contents of Sr (x) and Li (6.75 + x) from 0.05 to 0.15, which 
means an increase in the LLZO contents. This phenome-
non can be explained as follows: the increasing Li contents 
result in a reduction of sintering temperature, which makes 

Fig. 1  XRD patterns of the  Li6.75+xLa3−xSrxZr1.75Nb0.25O12 samples 
doped with different Sr contents (x)
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the diffusion of  Li+ and crystal growth of LLZO phase 
easy to occur. With further increasing Sr and Li contents, 
although diffusion of  Li+ is easier, due to La substituted 
by Sr severely, the obvious deviation of chemical composi-
tion ratio as compared to that of main crystal phase LLZO 
inevitable leads to the difficulties of LLZO crystals growth. 
As a result, a slight reduction in the LLZO crystal contents 
can be observed according to the change of diffraction peak 
intensity of LLZO crystals appearing on the XRD patterns.

The element contents for the samples are analyzed 
using ICP-OES and the results are summarized in Table 1, 
where the ratios are normalized with respect to the Nb con-
tents. It is found that the measured molar ratio of Li/La/
Nb approximately coincides with that of the formula unit 
 Li6.75+xLa3−xSrxZr1.75Nb0.25O12 except Sr. The Sr contents by 
ICP-OES measurement was lower than stoichiometric ratio 
in LLSZN, possibly due to some uncertainty in the meas-
urement of a small Sr contents with a low sample amount 
tested in ICP-OES (0.3 g). Sr from the raw material may also 
be partially vaporized during the high-temperature sinter-
ing [41]. However, Li evaporation becomes slighter with 

the increase of Sr contents. It can be easily seen from the 
ICP results that the evaporation of lithium is severer for the 
sample doped with Sr relative to Sr-free samples. This may 
probably as a result of Sr effect as a sintering agent.

3.2  Microstructure and elemental distribution

To investigate the role of Sr doping on the morphology of 
LLSZN samples, SEM measurement has been conducted 
on all samples. Before that, no treatment is done for ensur-
ing the grain integrity. Without a doubt, this would directly 
cause more or less heterogeneous grains on sample surfaces, 
as shown in Fig. 2. Obviously, the samples with lower Sr 
contents (x = 0.05 and 0.10) exhibit relatively small grains 
with a diameter ranging from 20 to 60 µm, small amount of 
closed pores between grains can be clearly observed, indi-
cating poor density. With Sr contents increasing to x = 0.15, 
good connection between grains without small pores is 
expected to reduce the grain-boundary resistance [28]. This 
is, increased Sr contents could densify the microstructure 
of LLSZN. It is worth mentioning that the denser structure 

Table 1  Element composition 
of the pellets with different Sr 
contents sintered at 1150 °C 
for 15 h

x in  Li6.75+xLa3−xSrxZr1.75Nb0.25O12 0 0.05 0.10 0.15 0.20 0.25

Li content (theoretical) 6.75 6.80 6.85 6.90 6.95 7.00
ICP results Li 6.15 6.42 6.51 6.57 6.65 6.68

La 3.0 2.99 3.01 3.02 3.00 3.02
Sr n.o 0.03 0.08 0.12 0.18 0.21
Nb 0.25 0.25 0.25 0.25 0.25 0.25
Al 0.25 0.25 0.25 0.25 0.26 0.25

Fig. 2  SEM images for the  Li6.75+xLa3−xSrxZr1.75Nb0.25O12 samples with different Sr contents (x)
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allows the  Li+ easier to be transported [42]. However, this 
phenomenon is not permanent over the whole Sr contents, 
when it further increases to 0.20, the grain size gradually 
grows up to 100 µm, and, meanwhile, the grain boundaries 
start showing the fusion tendency. More evident image can 
be detected in the case of Sr contents of 0.25. Therefore, 
it is reasonable to draw a conclusion that the increased Sr 
into LLSZN sample could promote sintering; in particular, 
optimized Sr contents at 0.15 mol lead to excellent struc-
ture with a good connection between the grains and dense 
structure, which must play an important role in the electrical 
performances.

EDS measurement was carried out. As can be seen in 
Fig. 3, the Al element is mainly accumulated at the grain 
boundaries; instead of grain interior, similar phenomenon 
can be found in other reports [27]. However, opposite case 
occurs in the Sr and Nb elements, close observation of the 
figure demonstrates that the distribution of Sr in the map-
ping is basically the same as the distribution of La, as is the 
case of Nb and Zr, and a main accumulation of them inside 
grains can be observed, which accords with the fact that 
doped elements tend to enter garnet lattice and form solid 
solution structure.

3.3  Electrical property

The Nyquist plots of LLSZN pellets with different Sr con-
tents measured at 25 °C are shown in Fig. 4. While the 

Nyquist plot of un-doped sample is shown in Fig. S3. For 
all samples, the Nyquist plots are composed of one semi-
circle and a tail. Here, separate contributions from grains 
and grain boundaries cannot be well distinguished, since 
one semicircle instead of two has been obtained, and the 
grain-boundary semicircle might be overlapped by that of 
the grains. Generally speaking, the appearance of tail at low 

Fig. 3  SEM and EDS elemental mapping images showing elemental distribution in  Li6.9La2.85Sr0.15Zr1.75Nb0.25O12

Fig. 4  Nyquist plots of  Li6.75+xLa3−xSrxZr1.75Nb0.25O12 pellets with 
different Sr contents (x) measured at room temperature
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frequency belongs to Warburg-type impedance, correspond-
ing to the diffusion of  Li+ in the gold-blocking electrodes. 
This is an indication for intrinsic ionically conduction of 
the investigated materials [24, 37]. Based on high-frequency 
intercept on the Z′-axis and the sample’s dimension, the total 
(grain and grain boundary) ionic conductivity (σt) can be 
obtained. During data processing, an  (RgCPEg)(RgbCPEgb)
(CPEel) equivalent circuit can be applied to fit all the EIS 
using Zview software, where R is the resistance, CPE is 
the constant phase element, and the subscripts g, gb, and 
el refer to grain, grain boundary, and Au electrode, respec-
tively. Total conductivity can be calculated by the following 
equation:

in which R is resistance, l is sample thickness, and S denotes 
the area of the electrodes. The total conductivity of LLSZN 
ceramic samples can be obtained by fitting this equivalent 
circuit, as shown in Fig. 4. As listed in Table 2, the variation 
of σt with Sr contents is presented. For the garnet family of 
ceramic materials, regardless of some of singular points, the 
general variation trend of σt with Sr contents (x) is increasing 
first and then decreasing. The calculated conductivity for the 
 Li6.75La3Zr1.75Nb0.25O12 sample (2.96 × 10−4 S  cm−1) in our 
work is slightly lower than the reported one (1200 °C 36 h) 
[26], much lower sintering temperature and shorter hold-
ing time dominant the difference. The maximum value at 
5.09 × 10−4 S  cm−1 can be achieved when x = 0.15; notably, 
it is relatively high among the values obtained under such 
a condition (25 °C). As we all known, in the garnet family 
of ceramic electrolytes, in addition to the cubic phase, the 
high density provides indispensable contributions for the 
improvement of conductivity [42, 43].

For explaining such a high conductivity, the quantitative 
results in terms of relative density (RD) are measured and 
are summarized in Table 2. Obviously, RD exhibits a similar 
trendy with σt to increase first and drop subsequently when 
x increases from 0 to 0.25, and the highest relative density 
(~ 93.5%) occurs at the optimized Sr contents (x = 0.15). 

(1)� =

l

RS

Such a high density should be attributed to the existence of 
 SrCO3 when Sr contents are added, which would serve as 
a sintering aid to facilitate densification. While the conduc-
tivity of un-doped sample is two orders of magnitude lower 
than Sr-doped samples and has higher activation energy 
(0.423 eV), shown in Table S1, this is due to tetragonal 
structure and lower relative density. To reveal the underlying 
relationship between density and conductivity, Fig. 5 plots 
the variation of density, total conductivity, and grain con-
ductivity at different Sr contents. As can be seen in Fig. 5, 
all of the curves can be simply divided into two stages over 
the whole Sr contents. Namely, an initial increase to maxi-
mum value followed by a subsequent decrease to minimum 
value, i.e., a good linear relationship exists between the 
relative density and ionic conductivity of LLSZN; this is 
a common phenomenon [42, 43]. As mentioned above, the 
synergistic effects of Li loss during sintering (Table 1) and 
the formation of few impurities phase (Fig. 1) could impede 
the movement of  Li+, and finally lower the conductivity for 
the samples with lower Sr contents (x = 0.05 and 0.10). The 
highest total conductivity and grain conductivity obtained at 
x = 0.15 are related to the highest relative density (93.5%). 
However, much more Sr contents (x > 0.15) bring the con-
ductivity down, although there would be more Li contents 
(carriers) when introduced Sr contents increase according 
to the formula of  Li6.75+xLa3−xSrxZr1.75Nb0.25O12. Such a 
strange behavior has been reported by Kihira et al. [31], and 
this is because in the doped LLZO solid electrolyte, an issue 
involving the balance of lithium occupancy between lithium 
sites (24 d and 96 h) should be taken into consideration, 
which is suggested to be more vital than the total number of 
lithium contents.

The temperature dependence of total conductivity for the 
LLSZN pellets with various Sr contents follows the Arrhe-
nius behavior, as shown in Fig. 6. For the un-doped sample, 

Table 2  Doping amount, total conductivity (σt) measured at 
25  °C, activation energy (Et), and relative density (RD) for 
 Li6.75+xLa3−xSrxZr1.75Nb0.25O12 electrolytes prepared at 1150  °C for 
15 h

x σt (× 10−4 S  cm−1) Ea (eV) RD (%)

0 2.93 ± 0.13 0.325 90 ± 0.61
0.05 2.13 ± 0.21 0.35 90.57 ± 0.92
0.10 2.31 ± 0.28 0.346 91.15 ± 1.12
0.15 5.09 ± 0.38 0.30 93.46 ± 1.01
0.20 2.41 ± 0.14 0.34 91.92 ± 0.93
0.25 1.85 ± 0.15 0.357 88.99 ± 0.74 Fig. 5  Density, total conductivity, and grain conductivity of the 

 Li6.75+xLa3−xSrxZr1.75Nb0.25O12 samples with different Sr contents (x)
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the Arrhenius plot of total conductivity is shown in Fig. S4. 
Every sample was measured in the temperature range from 
25 to 125 °C. From the results, the activation energies (Ea) 
of the total ionic conductivities within the observed tempera-
ture can be calculated by the following equation (2):

where A, kB, and T are the pre-exponential parameter, Boltz-
mann’s constant, and absolute temperature, respectively. 
Thus, the corresponding activation energies for each con-
ductivity can be calculated as the slope of the logσ versus 
1000/T (detail values see Table 2). Clearly, the conductivity 
values (logσ) exhibit well linear relation with the reciprocal 
of the temperature, meaning that all the Sr-doped LLSZN 
samples possess an identical ion conductive mechanism 
within such a temperature range. Here, the lowest activation 

(2)�T = Aexp

(

−E
a

k
B
T

)

,

energy value at 0.30 eV appears in the LLSZN with x = 0.15; 
the other samples show significantly increased Ea and all of 
them lower than 0.36 eV, while the activation energy of un-
doped sample up to 0.423 eV. By consulting relevant stud-
ies [44], three possible reasons may be responsible for the 
reduction of Ea: (1) the increased vacancies caused by add-
ing higher valence element (Nb); (2) lower grain-boundary 
resistance derived from higher density; and (3) wider ionic 
diffusion pathway on the basis of introducing larger ionic 
diameter element  (Sr2+).

In a word, the simultaneous incorporation of Nb and Sr 
dopant into LLZO could further improve the ionic conduc-
tivity as compared with single-doped materials; moreover, 
the sintering time for the formation of cubic LLZO can 
be shortened. Furthermore, to show the superiority of the 
double-doped materials in this work, the latest literatures 
related to Li-ion conductivity can be found [28, 37, 44–49]. 
Table 3 clearly displays the comparison of the total con-
ductivity (σtotal) between our result and other LLZO mate-
rials doped with various elements; their sintering condi-
tion and activation energies (Ea) are also given. Here, the 
ionic conductivity of  Li6.9La2.85Sr0.15Zr1.75Nb0.25O12 at 
5.09 × 10−4 S·cm−1 occupies the highest level, excepting that 
of  Li7La3ZrNb0.5Y0.5O12, much higher sintering temperature 
at 1230 °C may contribute to it. Overall, the performance 
of as-synthesized LLZO solid electrolyte co-doped with Sr 
and Nb performs better in the Li-ion conductivity, which is 
suitable for practical application.

4  Conclusions

I n  s u m m a r y,  h i g h  l i t h i u m  c o n d u c t i v i t y 
 Li6.75+xLa3−xSrxZr1.75Nb0.25O12 solid electrolyte with cubic 
structure has been prepared with the  Al2O3 addition via 
solid-state reaction after sintering at 1150 °C for 15 h. In our 
work, we adopt double-element doping technology based 
on the constant Nb contents at 0.25 that guarantees high 
 Li+ conductivity, and optimal 1.5 wt%  Al2O3, as sintering 

Fig. 6  Arrhenius plots of total conductivities of the 
 Li6.75+xLa3−xSrxZr1.75Nb0.25O12 samples with different Sr contents (x)

Table 3  Literature overview 
of sintering condition, total 
conductivity (σtotal) at room 
temperature, and activation 
energies (Ea) in aliovalently 
doped LLZO

Compounds Sintering condition σtotal (×10−4 
S·cm−1)

Ea (eV) References

Li6.23Al0.26La3Zr1.88O11.76 1150 °C for 6 h 2.54 – [45]
Li7La3Zr2O12-Al0.1 1150 °C for 15 h 1.41 0.31 [46]
Li7La3Zr1.7Ti0.3O12 1180 °C for 20 h 4.16 0.48 [37]
Li6.45Ca0.05La2.95Ta0.6Zr1.4O12 1125 °C for 6 h 2.84 – [49]
Li5.25La3Ta1.75Ge0.25O12 1100 °C for 10 min 0.840 – [47]
Li6.775Al0.05La3Zr1.925Sb0.075O12 1170 °C for 6 h 4.10 0.32 [48]
Li6.6La2.75Y0.25Zr1.6Ta0.4O12 1200 °C for 18 h 4.36 0.34 [28]
Li7La3ZrNb0.5Y0.5O12 1230 °C for 15 h 6.53 0.306 [44]
Li6.9La2.85Sr0.15Zr1.75Nb0.25O12 1150 °C for 15 h 5.09 0.30 This work
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agent, was added to promote the cubic structure formation 
in low sintering temperature; our results highlight the effect 
of Sr element on the phase structure and  Li+ conductivity. 
It is found that the Sr addition effectively promotes ceramic 
sintering and the formation of dense microstructure. Struc-
turally, both Sr and Nb atoms enter the garnet lattice to form 
solid solution structure, which improves the electrical prop-
erties. To be special, the maximum relative density and ionic 
conductivity follows Sr contents to increase first and then 
decrease a peak value at 93.46% and 5.09 × 10−4 S  cm−1, 
respectively, can be well achieved at 0.15 molar Sr and pos-
sess the lowest activation energy of 0.30 eV. The present 
study indicates the possibility of enhancement in the density 
and total  Li+ conductivity of LLSZN through a suitable and 
optimal dopant contents. Therefore, Stoichiometric formula 
in  Li6.9La2.85Sr0.15Zr1.75Nb0.25O12 with 1.5 wt%  Al2O3 may 
be a promising solid-state ceramic electrolyte for all-solid-
state lithium rechargeable batteries.
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