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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Glassified boundary lead to high ionic 
conductivity in glass-ceramic 
electrolytes. 
� The relaxed glassified boundary can be 

induced by boron. 
� Electrochemical strain microscopy can 

probe local ionic activity at the 
nanoscale.  
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A B S T R A C T   

Glass-ceramic electrolytes are promising for all-solid-state batteries, yet their enhanced ionic conductivity is not 
well understood. We investigate structural difference between ceramic and glass-ceramic Li1.3Al0.3Ti1.7(PO4)3 
tuned by boron, which is found to enhance conductivities of glass-ceramics by one order of magnitude, yet re-
duces that of ceramics. Raman and Magic Angle Spinning Nuclear Magnetic Resonance spectra indicate boron are 
primarily contained in glass phase, while electron energy-loss spectroscopy and high-resolution transmission 
electron microscopy reveal inhomogeneous distribution of boron and glassified grain boundaries. This sub-
stantially reduces interfacial resistance at grain boundaries with little effect on bulk resistance, which is further 
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supported by spatial and spectroscopic electrochemical strain microscopy. The grain boundary resistance of 
ceramics, on the other hand, is increased by boron. We thus establish that lower interfacial resistance at glassified 
grain boundaries is responsible for higher conductivity in glass-ceramics, while boron can relax their grain 
boundaries even further.   

1. Introduction 

With ever-growing demand for high-performance, safe and envi-
ronmentally friendly lithium-ion batteries (LIBs), increasing attentions 
have been devoted to all-solid-state batteries that utilize solid electro-
lytes, which have many advantages over conventional LIBs [1–3], 
including higher current densities and faster charging/discharging rates 
[4], better safety [5], and enhanced energy density [6]. Despite such 
promises, the development of all-solid-state batteries has been largely 
hindered by the lack of solid electrolytes with sufficient high ionic 
conductivity [7], and hybrid glass-ceramic electrolytes such as Li2O-
–Al2O3–TiO2–P2O5 with ionic conductivity approaching 10� 3 S cm� 1 at 
room temperature have emerged as an attractive alternative [8,9]. Most 
of the previous studies on glass-ceramic electrolytes focused on opti-
mizing their crystalline microstructure to further improve their overall 
conductivity [10,11]. For example, it has been suggested that aliovalent 
substitution can change the size of the lithium ion transport network in 
crystalline phase, resulting in conductivity of 3.85 � 10� 4 S cm� 1 that is 
2–3 times higher than undoped Li1.4Al0.4Ge1.6(PO4)3 glass-ceramic [12]. 
Furthermore, increased conductivity of 7.25 � 10� 4 S cm� 1 can also be 
achieved in Li1.5Al0.5Ge1.5(PO4)3 glass-ceramic with well-developed 
crystalline phase and dense microstructure, achieved by the addition 
of low melting oxides such as B2O3 [13]and Li2O [14] to accelerate the 
crystallization process. The glass phase in glass-ceramic electrolytes, on 
the other hand, has received less attention. 

While optimizing the crystalline phase of the glass-ceramic electro-
lytes has been effective in enhancing the ionic conductivity, it is 
important to note that glass electrolytes actually possess much lower 
ionic conductivity compared to their crystalline counterparts, and thus it 
is quite counterintuitive that ionic conductivity of hybrid glass-ceramic 
electrolytes is higher than pure ceramic phases [15,16]. For example, 
the ionic conductivity of Li1.3Al0.3Ti1.7(PO4)3 glass-ceramic is about 1 �
10� 4 S cm� 1, much higher than 6 � 10� 5 S cm� 1 of Li1.3Al0.3Ti1.7(PO4)3 
ceramic [17,18], while the corresponding conductivity of glass phase is 
orders of magnitude smaller, in the range of 10� 10–10� 8 S cm� 1 

[19–21]. This begs for an explanation, and the reason may lie in grain 
boundaries of ceramics, which exhibit high resistance to the ionic con-
duction [22]. Indeed, it has been observed that structural and chemical 
deviations of several unit cells thick exist at the grain boundaries, which 
blocks the ionic conduction in ceramic electrolytes [23]. Whereas for 
glass-ceramics, such high resistive grain boundaries might have been 
relaxed by amorphous interface [15,24] that exhibits unusual 
semi-crystalline and semi-glassy structure at the atomic scale, leading to 
lower interfacial resistance and thus higher overall ionic conductivity 
[16,25]. Such hypothesis, however, has neither been firmly established 
nor further explored. 

In order to understand the mechanism responsible for the enhanced 
ionic conductivity in glass-ceramic electrolytes, we investigate the 
structural difference between the ceramic and glass-ceramic and its 
correlation with their ionic conduction, using Li1.3Al0.3Ti1.7(PO4)3 
(LATP) as the model system. Considering boron as a common glass 
network former that has been used to improve the conductivity of glass 
electrolyte [26,27], we seek to tune the glass phase in LATP 
glass-ceramic by boron, which simultaneously serves as a tracer in the 
glass phase for us to assess its effect on the microstructure. Quite 
interestingly, it is found that boron doping enhances the ionic conduc-
tivities of both glass and glass-ceramic, yet reduces the ionic conduc-
tivity of pure ceramics. Further studies by Raman spectra and Magic 
Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) spectra 

indicate that boron elements are primarily contained in the glassy phase 
of glass-ceramic, while electron energy-loss spectroscopy (EELS) in 
combination with high-resolution transmission electron microscopy 
(HR-TEM) suggest that the distribution of B is inhomogeneous, which 
could result in classification and relaxation of grain boundaries. This has 
profound influence on the ionic conduction of glass-ceramics. Indeed, it 
is found from electrochemical impedance spectroscopy (EIS) that boron 
substantially reduces interfacial resistance at the grain boundaries, 
while it have little effect on the bulk resistance, which is further sup-
ported by the localized electrochemical strain microscopy (ESM) studies 
at the nanoscale. Combing all these observation together, we establish 
that lower interfacial resistance at glassified grain boundaries is 
responsible for the higher ionic conductivity in glass-ceramic electro-
lytes, while boron doping can relax the grain boundary resistance even 
further. The work thus sheds considerable insight into the conduction 
mechanism in glass-ceramics, and offers an effective strategy for 
improving their ionic conductivity further. 

2. Results and discussion 

Glass-ceramic samples of Li1.3Al0.3Ti1.7(PO4)3 (GC-LATP) and 
Li1.3Al0.2B0.1Ti1.7(PO4)3 (GC-LATBP) were prepared using conventional 
melt-quenching method [28]. For comparison, glass of LATP (G-LATP) 
and LATBP (G-LATBP) were processed by skipping the post-heat treat-
ment of glass-ceramics. The corresponding ceramics (C-LATP and 
C-LATBP) were obtained through conventional solid state method [29]. 
The powder XRD patterns of both ceramic and glass-ceramic samples are 
shown in Fig. 1a, wherein the main phase corresponds to LiTi2(PO4)3 
crystallite (JCPDS NO.35–0754), while AlPO4, the most common sec-
ondary phase [30], which is also observed in both glass-ceramic sam-
ples. By comparing the maximum peak intensities of LiTi2(PO4)3 and 
AlPO4, the concentration of AlPO4 is found to be almost identical in 
GC-LATBP and GC-LATP, estimated to be 14% and 15%, respectively. 
Furthermore, the crystallinity is calculated to be 95% and 89% for 
GC-LATP and GC-LATBP (Fig. 1b), as detailed in the Supporting Infor-
mation (SI), while that of C-LATP and C-LATBP is estimated to be 100% 
and 93%, respectively. Not surprisingly, the crystallinity decreases after 
boron doping for both ceramic and glass-ceramic, since its incorporation 
promotes the glass-forming tendency [31]. Importantly, the crystallinity 
of both glass-ceramic samples are pretty high, and the volume fraction of 
glass phase is only about 10% or less. Additional XRD patterns of glass 
samples are shown in Fig. S1, both of which exhibit weak and broad 
peaks characteristic of the amorphous phase. Furthermore, the micro-
structural morphology of glass-ceramics before and after boron doping is 
found to be almost identical, as seen from cross-section SEM images 
(Fig. S2 and Fig. S3) as well as the corresponding EDS elemental map-
pings. No significant difference is observed between microstructures of 
C-LATP and C-LATBP as well (Fig. S4). Finally, the densities of GC-LATP, 
GC-LATBP, C-LATP and C-LATBP are measured to be 2.57 g cm� 3, 2.59 
g cm� 3, 2.49 g cm� 3, 2.54 g cm� 3, respectively. Thus the relative den-
sities calculated with a theoretical density of 2.94 g cm� 3 [18] are quite 
similar, measured to be 87.5%, 88.3%, 84.7%, 86.3%, respectively. All 
these data thus suggest that only minor differences exist in microstruc-
tural morphology, crystallinity, and porosity among GC-LATP, 
GC-LATBP, C-LATP and C-LATBP, yet their ionic conductivities are 
found to be substantially different. 

We then evaluate total ionic conductivity with an equivalent circuit 
model for each sample using electrochemical impedance spectroscopy 
(EIS), and the complex impedance spectrum of glass-ceramics, glasses, 
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and ceramics measured at room temperature are shown in Fig. 2a, c, d. It 
is observed that both spectra consist of semicircle at high frequency due 
to bulk, grain boundary, interfacial resistance and a spike in the low- 
frequency region due to the double-layer impedance at the contact be-
tween the sample and metal electrodes [8]. Immediately, it is observed 
that while glass-ceramics have slightly lower crystallinity and similar 
density compared to their ceramic counterparts, their ionic conductiv-
ities are substantially higher, suggesting that the glass phase, even with 
small volume fraction around 10% or less, can enhance the ionic con-
ductivity of glass-ceramics. More importantly, it is found that after 
boron doping, the ionic conductivity of glass-ceramic increases by one 
order of magnitude, jumping from 1.12 � 10� 4 S cm� 1 to 1.03 � 10� 3 S 
cm� 1, whereas the corresponding active energy (Ea) decreases from 
0.27 eV to 0.17 eV (Fig. 2b). Similar enhancement is also observed in 
pure glass, whose conductivity increases from 8.58 � 10� 9 S cm� 1 to 
6.01 � 10� 8 S cm� 1 after boron doping (Fig. 2c). Opposite trend, 
however, is observed in pure ceramics, wherein ionic conductivity de-
creases from 6.83 � 10� 5 S cm� 1 to 3.23 � 10� 5 S cm� 1 after boron 
doping (Fig. 2d). This further demonstrates that the glass phase in the 
glass-ceramic is critical, despite its small volume fraction. 

In order to understand the opposite effect of boron in ceramic and 
glass-ceramic, and more importantly, to figure out the microscopic 
mechanisms responsible for the higher conductivity in glass-ceramics, 
we examine the fine structural changes after boron doping not re-
flected in their crystallinity and density. Magic angle spinning-nuclear 
magnetic resonance (MAS-NMR) has been used for decades to study 
the chemical structure and order of materials, revealing the structural 
units not only in glasses but also in the corresponding crystallites. In our 
study, 11B MAS-NMR spectra of C-LATBP, G-LATBP and GC-LATBP 
samples were recorded at 298 K as presented in Fig. 3a, b, c. All three 
samples exhibit different chemical shift of BO4 between � 10 and 2 ppm 
and BO3 between 10 and 15 ppm [31]. In particular, it is observed that 
broad resonances are centered at 12.806 ppm (BO3) and � 2.278 ppm 
(BO4) for C-LATBP, while for G-LATBP they shift to 7.811 ppm and 
� 4.751 ppm, respectively, reflecting changes in B coordination mode 
and the surrounding environment. For GC-LATBP, the resonances shift 
to 8.609 ppm and � 5.015 ppm, respectively, much closer to those of 
pure glass. Furthermore, the resonant peaks of GC-LATBP can be fitted 
by linear combination of G-LATBP and C-LATBP using Mestrenova 
software, as shown in Fig. 3c. The integrated intensity of glass and 
ceramic phases are found to be 75% and 25% respectively, indicating 

that B is primarily contained in the glass phase. 
In order to understand the structural change in glass phase after 

boron doping, Raman spectra of ceramic, glass, and glass-ceramic 
samples were measured in the range of 400–1200 cm� 1, as shown in 
Fig. 3d, e, f. We focus on peaks corresponding to TiO4 and TiO6 units in 
the range between 500 and 900 cm� 1, which signify a glass phase that is 
not found in the pure ceramics [32,33], as confirmed by our data in 
Fig. 3d. It is found that TiO4 unit near 750 cm� 1 [34,35] decreases and 
TiO6 unit near 600 cm� 1 [33] increases for glass-ceramic sample, and 
similar trend is also observed in pure glass, suggesting that after B 
doping, part of TiO4 transforms into TiO6. Considering titanium as a 
common glass network intermediate and boron as a common glass 
network former, this suggests that the introduction of B disrupts the 
original glass network such that some TiO4 groups no longer act as 
network former but transform to TiO6 units. Moreover, the increased 31P 
MAS-NMR peak width in GC-LATBP (Fig. S5) suggests a modified 
environment for P as well and likely distortion of P–O bonds, which 
could arise from formation of new chemical bonds after boron doping. 

The high-resolution transmission electron microscopy (HR-TEM) is 
then adopted to examine the atomic structure of C-LATP, GC-LATP and 
GC-LATBP, as shown in Fig. 4a–c. It can be seen from Fig. 4a that the 
grain boundaries of C-LATP are composed of atom columns with certain 
degree of order, which are similar to the previous report [23]. Whereas 
for GC-LATP in Fig. 4b, amorphous phase about 2 nm thick is also found 
at the grain boundary in addition to the ordered atom column. Inter-
estingly, strip-like glassfield grain boundaries about 3–4 nm thick are 
observed in GC-LATBP, as shown in Fig. 4c, suggesting that the grain 
boundaries are further glassified after B doping, which reduces the 
overall crystallinity of glass-ceramic slightly. Additional HR-TEM im-
ages supporting this observation are presented in Figs. S6 and S7. 
Furthermore, high angle annular dark field (HAADF) image of 
GC-LATBP is shown Fig. 4d, and the electron energy-loss spectroscopy 
(EELS) between 100 and 350 eV in Fig. 4e shows peak of B K-edge at 
~188 eV. The corresponding EELS intensity map formed by the B K-edge 
of GC-LATBP sample in Fig. 4f suggests that B is inhomogeneously 
distributed and aggregate into strips, similar to the glassified grain 
boundaries in Fig. 4c. This observation is further supported by the 
scanning transmission electron microscopy (STEM) images and corre-
sponding element mappings of GC-LATBP sample in Fig. S8, showing 
that all the elements except B are homogeneously distributed without 
apparent aggregation. We thus conclude that the inhomogeneously 

Fig. 1. Crystallinity of GC-LATP, GC-LATBP, C-LATP and C-LATBP samples; (a) X-ray diffraction patterns; (b) standard curves of crystallinity based on experimental 
measurement and fitting. 
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distributed B could largely aggregate at grain boundaries, generating 
glassified relaxed boundary structure. 

In order to investigate whether the glassified grain boundaries would 
affect the ionic conduction, we resolve the total ionic conductivity 

measured by EIS into contributions from bulk and grain boundaries 
using an equivalent circuit model, as schematically shown in Fig. S9, 
consisting of a constant phase elements (CPE1) connected in parallel 
with a resistor (R1) representing bulk grains, a CPE2 in parallel with R2 

Fig. 2. Complex impedance plots measured at room temperature for (a) GC-LATBP and GC-LATP, (c) G-LATBP and G-LATP, and (d) C-LATBP and C-LATP; (b) 
Arrhenius plots of conductivity for GC-LATBP and GC-LATP. 

Fig. 3. 11B MAS-NMR spectra of (a) C-LATBP, (b) G-LATBP and (c) GC-LATBP samples. Raman spectra in the range of 400–1200 cm� 1 recorded for the (d) C-LATBP 
and C-LATP, (e) G-LATBP and G-LATP, and (f) GC-LATBP and GC-LATP. 
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representing grain boundaries, and a CPE3 in parallel with R3 along with 
a Warburg impedance (W) representing the electrode phenomena. The 
impedance data are summarized in Table S1, and the apparent bulk and 
grain boundary conductives are summarized in Table 1. Indeed, we 
notice that boron doping does not affect bulk conductivity of glass- 
ceramic much, while it substantially increases grain boundary conduc-
tivity by one order of magnitude, resulting in one order of magnitude 
enhancement in its overall conductivity. This can also be verified by the 
similar bulk activation energy between GC-LATP (0.16 eV)and GC- 
LATBP (0.13 eV) (Fig. S10). When boron is doped into pure ceramics, 
on the other hand, the conductivities of both bulk and grain boundary 
decrease significantly, which could due to the formation of second 
amorphous phase. We thus conclude that the glassified grain boundary 
is the main reason for the enhanced ionic conductivity of glass-ceramic, 
while boron doping helps relax grain boundary resistance even further. 

Sequential excitation electrochemical strain microscopy (SE-ESM) 
excites the sample using a sequence of AC voltages with predefined 
amplitude and a range of frequencies across contact-resonance fre-
quencies of each pixel in an image, wherein the excitation voltage is 
concentrated on only one frequency at a time without resonance fre-
quency tracking [36,37]. We adopted SE-ESM to probe local ionic con-
ductivity of both GC-LATBP and GC-LATP at the nanoscale, wherein 3 V 
AC voltages with a sequence of excitation frequencies were applied one 
by one through a conductive tip, inducing local ionic fluctuation and 

thus mechanical vibration due to electrochemical strain [38]. The 
mappings of ESM amplitude at each frequency is shown in Figs. S11 and 
S12, while intrinsic ESM amplitude reconstructed from simple harmonic 
oscillator model [39] are shown in Fig. 5a and b, wherein the high fi-
delity of fitting is evident from the mappings of R2 coefficient in Fig. S13. 
Much higher ESM response is observed in LATBP, consistent with 
macroscopic measurement, which can also be seen from the comparision 
of histogram distributions (Fig. 5c). The ESM response of GC-LATBP is 
3.90 p.m. � 0.64 p.m., while that of GC-LATP is 2.60 p.m. � 0.35 p.m., 
suggesting higher local ionic conductivity of the former [40]. Note that 
GC-LATBP exhibits much stronger nonuniformity, consistent with the 
inhomogeneous distributution of B. Furthermore, the mappings and 
histogram distributions of quality factor are shown in Fig. 5d, e, f, which 
is inversely proportional to energy dissipation associated with redistri-
bution of lithium ions and thus reflects the energy barrier. It is observed 
that the quality factor of GC-LATBP is 28.32 � 5.20, while that of 
GC-LATP is 23.27 � 3.69, indicating that GC-LATBP has lower dissipa-
tion and energy barrier compared to GC-LATP, consistent with their 
respective activation energy in Fig. 2b. 

The comparision of local ionic conductivities of GC-LATBP and GC- 
LATP can be better visualized from the point-wise relaxation dynamics 
[40] after removal of a negative DC bias of 10 V, as shown in Fig. 6. The 
ESM response versus excitation frequency is first examined, and classi-
fied into high and low response regions depending on its amplitudes, 
with representative cuves shown in Fig. 6a and b. It is clear that for both 
cases, GC-LATBP has higher amplitude than GC-LATP. Relaxation curves 
for high and low response regions are then measured as shown in Fig. 6c 
and d, revealing local dynamics of bias induced motion of lithium ions. 
The application of negative DC increases the concentration of lithium 
ions under the probe [40] and thus the ESM response, and after the 
removal of DC, the response relaxes back to the ground state, wherein 
faster relaxation is evident in GC-LATBP. The realxation curves are fitted 

by exponential function Að0; tÞ ¼ Aexp
�
� t=τ

�
þ A0, from which the 

Fig. 4. HRTEM images of (a) C-LATP sample, (b) GC-LATP and (c) GC-LATBP sample; (d) HAADF image and (e) corresponding EELS with energy 100–350 eV 
showing peak of B K-edge; (f) EELS intensity map formed by the B K-edge. 

Table 1 
Conductivities of bulk and grain boundary for GC-LABTP, GC-LATP, C-LATBP 
and C-LATP samples.  

Sample bulk conductivity (S cm� 1) Grain boundary conductivity (S cm� 1) 

GC-LATP 2.02 � 10� 3 1.22 � 10� 4 

GC-LATBP 3.04 � 10� 3 1.52 � 10� 3 

C-LATP 2.55 � 10� 3 6.96 � 10� 5 

C-LATBP 1.41 � 10� 3 3.48 � 10� 5  

S. Duan et al.                                                                                                                                                                                                                                    



Journal of Power Sources 449 (2020) 227574

6

time constants can be determined and compared, as presented in Fig. 6e 
and f. It is observed that the time constant of LABTP is much smaller than 
that of LATP in both high and low response region, confirming its much 
higher local diffusivity [41]. 

We highlight the key insight uncovered in this study, that the 

glassified grain boundaries is responsible for enhanced ionic conduc-
tivities in glass-ceramics. While the idea has been put forward before, we 
use boron as a tracer in glass-ceramics as well as glass and ceramics, in 
combination with systematic structural and functional characteriza-
tions, including XRD, NMR, Raman, HRTEM, EIS, and ESM, to establish 

Fig. 5. Mappings of SE-ESM amplitude of (a) GC-LATBP and (b) GC-LATP, and (c) the corresponding histogram distribution; mappings of SE-ESM quality factor of (d) 
GC-LATBP and (e) GC-LATP, and (f) the corresponding histogram distribution. 

Fig. 6. Relaxation dynamics of local electrochemical strain in GC-LATBP and GC-LATP at room temperature. ESM response versus excitation frequency for (a) high 
and (b) low response regions. ESM signal as a function of time after removal of negative voltage pulse for (c) high and (d) low response regions. Comparison of time 
constants of (e) high and (f) low response regions, averaged over 7 points in each area. 
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a strong experimental footing for the proposal. This has not been re-
ported before to our best knowledge, and the concept can be utilized to 
improve the ionic conductivity of electrolytes for solid state batteries. 

3. Conclusions 

In summary, C-LATP, C-LATBP, G-LATP, G-LATBP, GC-LATP and GC- 
LATBP were synthesized, and it is found that boron primarily fills in the 
amorphous network and further relaxes the glassified grain boundaries, 
resulting in total ionic conductivity up to 10� 3 S cm� 1 that is one order 
of magnitude higher than GC-LATP in the absence of boron. This work 
thus clarifies the mechanism responsible for enhanced ionic conduc-
tivity in glass-ceramics, and provides an effective strategy to optimize 
the glass-ceramic electrolytes further. 

4. Experimental section 

Materials synthesis: Glass-ceramics of Li1.3Al0.3Ti1.7(PO4)3 (GC- 
LATP) and Li1.3Al0.2B0.1Ti1.7(PO4)3 (GC-LATBP) were prepared using 
conventional melt-quenching method [28]. Stoichiometric amounts of 
lithium carbonate Li2CO3 (AR, �99.9%), aluminium oxide Al2O3 (AR, 
�99.9%), boric acid H3BO3 (AR, �99.5%), titanium oxide TiO2 (AR, 
�99.9%) and ammonium dihydrogen phosphate NH4H2PO4 (AR, 
�99.9%) were homogeneously mixed through wet ball-milling, and the 
raw materials were put into electrically heated furnace for melting. The 
furnace was firstly set to 700 �C for 1 h, allowing for the decomposition 
of the raw materials, and then raised to 1500 �C and held there for 2 h 
before quenching in water. The quenched glass was pulverized to obtain 
glass powders by ball-milling using a planetary ball mill for 6 h. The 
glass powder was put into a cylindrical pressing mold (10 mm in 
diameter) and pressed under a uniaxial pressure of 200 MPa. The 
pressed pellets were crystallized at 950 �C for 2 h and slowly cooled 
down to room temperature at the rate of 5 �C min� 1 to obtain the 
glass-ceramic. 

For comparison, glass of LATP (G-LATP) and LATBP (G-LATBP) were 
also processed by skipping the 950 �C post-heat treatment of glass- 
ceramics. The corresponding ceramics (C-LATP and C-LATBP) were 
obtained through conventional solid state method [29]. The same stoi-
chiometric raw materials were homogeneously mixed through wet 
ball-milling and then annealed at 700 �C for 4 h. Subsequently, the 
precursor powders were pressed under a pressure of 200 MPa and then 
heated at 950 �C for 2 h. 

Characterization: The powder X-ray diffraction (XRD) patterns 
were recorded with a D8-FOCUS X-ray diffractometer using CuKα1 ra-
diation (λ ¼ 0.15405 nm) after the pellets were ground to fine powder 
with an agate mortar and pestle. HR-TEM images and EDS mapping were 
carried out using Tecnai F20 at 200 kV with an Oneview IS (Gatan) 
camera and Oxford X-maxN TSR EDS detector. The EELS and STEM were 
acquired by Nion Ultra STEM™ 200 microscope operating at 60 kV. The 
probe convergence semi-angle was 35 mrad and the collection semi- 
angle was 24.9 mrad. The morphology images and element distribu-
tion of the cross-section were acquired using a SU8010 field scanning 
electron microscope (SEM) and energy dispersive X-ray spectroscopy 
(EDS). Prior to image acquisition the cross-section of the pellets were 
sputtered with gold. The stoichiometry of the sintered samples was 
analyzed by X-ray fluorescence spectroscopy (XRF). A typical result is 
shown in Table S2, which suggested loss of lithium content resulting 
from the high temperature involved in the fabrication process. 

Raman spectra were recorded in the range of 100–1500 cm� 1 using a 
RM-1000 Raman spectroscopy with a 532 nm laser. Magic Angle Spin-
ning (MAS) Nuclear Magnetic Resonance (NMR) spectra were recorded 
on an Agilent 600 DD2 spectrometer at a resonance frequency of 242.76 
MHz and 192.39 MHz for 31P and 11B, respectively. Samples were placed 
in the magnet with a 4 mm MAS probe operating at 15 kHz spinning 
speed. 

Both GC-LATP and GC-LATBP samples were polished and attached 

on a conductive tape for electrochemical strain microscopy (ESM) 
[41–44] measurement using an Asylum Research Cypher ES atomic 
force microscope (AFM) under nitrogen flow at room temperature with 
electric ASYELEC-01 probe having spring constant of 2 N m� 1 and 
resonance frequency in air around 70 kHz. Mappings of ESM response 
were obtained with 2 V AC voltage using dual amplitude resonance 
tracking technique (DART) [45] and fitted by simple harmonic oscillator 
model (SHO) [39]. Point-wise relaxation measurement was carried out 
after � 10 V applied to the tip over 5 s to monitor the evolution of ESM 
response versus time, enabling characterization of local diffusivity. 

Before impedance (Z* ¼ Z’ � iZ’’) measurements for ionic conduc-
tivity using Zennium X electrochemical workstation in the frequency 
range from 1 Hz to 10 MHz, both sides of the samples were polished to a 
smooth surface, the thickness varied in range of 0.98 mm–1.04 mm. Au 
was sputtered onto the surface of the electrolytes as blocking electrodes. 
THALES software was used for data acquisition and processing, and the 
conductivity can be calculated from σ ¼ d=SR, where d is the sample 
thickness, S is the area of the electrolyte and R is resistance of the cor-
responding resistance. When calculated total conductivities, R is the sum 
of R1 and R2. The conductivity of samples was measured at different 
temperatures from 25 �C to 120 �C on a controlled electric hot plate, and 
the activation energy is calculated from the Arrhenius equation [2]: σ ¼

σ0exp
�

� Ea=kBT

�

. 
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