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Solid-state electrolytes have emerged as a promising alternative to existing liquid electrolytes for next-
generation flexible Li metal batteries with enhanced safety and stability. Nevertheless, the brittleness and
inferior room temperature conductivity are major obstacles for practical applications. Herein, for the first
time, we have fabricated a flexible lithium ion conductive glass-ceramic fiber by using a melt-spun
homogeneous NASICON-type structured Liy sAlg sGe; 5(PO4)3 (LAGP) glass melt and annealed at 825 °C.
The annealed samples exhibited a higher lithium ion conductivity than the air-quenched sample due to
the presence of a well-crystallized crystal grain in the annealed sample. Meanwhile, the ionic
conductivity has shown an inverse relationship with the diameter of annealed LAGP glass-ceramic fibers.
The results revealed that the annealed glass-ceramic fiber, with a diameter of 10 um, resulted in lithium
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Introduction

The emerging direction toward the ever-growing market of
flexible and wearable electronics have nourished progress in
building multifunctional energy-storage systems that can be
bent, folded, crumpled and stretched without compromising
their electrochemical performance.’”® Among various types of
flexible devices, fiber-based structures are highly desirable for
wearable electronics due to their light-weight, excellent
stability, flexible nature and comfort.®** Despite the fact that
various designs for smaller, thinner and lighter Li-ion batteries
(L1Bs) have been developed in recent years, the existing battery
technology is far from the practical flexible applications.
Meanwhile, a linear and omnidirectional exhibition of wire-type
batteries has been carried out without traditional restrictions,
allowing various product designs. Several fibrous structures
have been designed by well-established cost effective textile
processing technologies at ambient conditions. However, the
poor electrochemical performance of the wire-type LIB stems
from the higher battery resistance and severe electrolyte leakage
problems. The accessibility of the solid electrolyte to the active
material is greatly improved for the cable battery that will
undoubtedly have a profound impact on portable and wearable
electronics in the near future.>'®

The formation of dendrites and unstable solid electrolyte
interphase result in severe capacity fade and short-circuiting
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ion conductivity of 8.8 x 10° S cm~! at room temperature.

due to the interaction between electrolyte and Li metal elec-
trode during cycling.”** Compared to liquid electrolytes, solid
electrolytes generally offer better thermal and mechanical
stability, wider electrochemical window, non-flammability and
electronic insulation. The solid electrolytes can be classified
into ceramic electrolytes, polymer solid electrolytes and
composite solid electrolytes.'** Ceramic electrolytes usually
have better mechanical and thermal stability over organic
(polymer-based) electrolytes. However, ceramics electrolytes
exhibit typical high strength and brittle nature of ceramics,
inferior room temperature conductivity and energy consuming
synthesis process. Various classes of ceramic materials have
been investigated,”**'* such as oxides, sulfides, LIPON-type
oxynitrides, LISICON-type materials (Li superionic conductor)
and NASICON-type phosphates (Na superionic conductor). The
oxides electrolytes either have an exceptionally high conduc-
tivity at room temperature or stability by themselves and against
Li metal. LIPON suffers from low room temperature ionic
conductivity, whereas NASICON-type solid electrolytes demon-
strate a reasonably high conductivity but are unstable against Li
metal. LISICON-type electrolytes exhibit low conductivity and
poor stability. One should note that the solid electrolytes have
a great potential to address the safety issues of Li-ion batteries,
but better synthesis methods need to be developed for ceramic
electrolytes with different shapes and designs, and enhanced
conductivity and stability, ie., a flexible fiber-like solid
electrolyte.

Herein, for the first time, we have explored a simple and
scalable process to prepare a flexible lithium ion conductive
glass-ceramic fiber, which was directly melt-spun from homo-
geneous glass melts at 1350 °C. One of the NASICON-type
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materials, Li; 5Alys5Ge; 5(PO,)s (LAGP), has been used as an
example to demonstrate the formation of fiber-like glass-
ceramic electrolyte due to the distinct advantages of
NASICON-type ceramic materials, such as high ionic conduc-
tivity, chemical stability and wide electrochemical voltage
window. After annealing LAGP glass fibers at 825 °C for 6 h, the
glass-ceramic fibers, with different diameters, exhibited supe-
rior Li ion conductivity, which increased with decreasing
diameter. The LAGP glass-ceramic fibers can be promising
flexible lithium ion conductive electrolytes for flexible energy-
storage applications.

Experimental

Lithium carbonate (Li,COj3) (99.9%), aluminium oxide (Al,O3)
(99.9%), germanium oxide (GeO,) (99.9%) and ammonium
phosphate monobasic (NH4H,PO,) (99.9%) were purchased
from Sigma-Aldrich and used without further purification.
Stoichiometric amounts of Li,CO;, Al,03, GeO, and NH,H,PO,
were used as the starting materials to prepare LAGP by
conventional solid solution method. 10 wt% excess lithium
carbonate was added to compensate for the loss of lithium
during the melting processing. The powders were weighed,
mixed and milled in a high energy ball milling machine for
60 min. Then, the mixture was transferred to an electric furnace
and heated up to 700 °C in an alumina crucible for 2 h to
remove decomposed ammonia, carbon dioxide and water
vapors from the mixture. The mixed powder was melted at
1350 °C for 2 h to obtain a homogeneous glass melt. Finally, the
glass fibers with different diameters were drawn from the glass
melt at 1100 °C. To obtain glass-ceramic fibers, parts of the glass
fibers were crystallized at 825 °C for 6 h with a heating rate of
5°C min ' (Scheme 1).

The morphology of LAGP glass-ceramic fibers was observed
by field emission scanning electron microscopy (FESEM, Hita-
chi $-4800) and the crystal structure was identified by X-ray
diffraction (XRD) measurements (Bruker D8 Advance), equip-
ped with Cu Ko radiations (1 = 1.54178), in the 26 range of 10-
80°. The electrochemical measurements were carried out by
using a CHI 760E electrochemical workstation. To measure the
ionic conductivity, the symmetric Au|LAGP fiber electrolyte|Au
cells were prepared, where Au layers were coated on two joint
surfaces of the LAGP fiber via two times spray-gold treatment
and acted as the blocking electrode. The sputtering was carried
out for 300 s under the sputtering current of 15 mA and an Ar

LAGP glass .
LAGP glass-ceramic

Drawing l

Scheme 1 Schematic illustration of the LAGP glass-ceramic fiber
synthesis.
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pressure of ~0.02 mbar. Subsequently, the LAGP fiber electro-
Iyte with Au layer was adhered to copper sheet fixture by using
silver glue. In order to separate grain and grain boundary
contributions, the electrochemical impedance spectroscopy
(EIS) data were fitted based on an equivalent circuit, consisting
of a resistance (R,) and a capacitance (C,), corresponding to the
grain contribution, in series with a parallel combination of
a resistance (Rgp,) and a constant-phase element (CPEy), cor-
responding to the grain boundary contribution, and with
a constant-phase element (CPE.), which represents the elec-
trode polarization in the low frequency region. Then, the ionic
conductivity (¢, S cm™ ') was calculated from the ¢ = L/RS, where
R (Q) refers to the total resistance of the R, and Ry, measured by
EIS, with an AC amplitude of 10 mV from 10° Hz to 10~ " Hz, L
(cm) corresponds to the length of electrolyte fiber between two
fixture point and S (cm”) denotes the cross-section area of the
fiber.

Results and discussion

In order to overcome the brittleness of the ceramic electrolytes,
a novel glass-ceramic fiber has been fabricated by using
a combination of melt spun and annealing method. First, the
stoichiometric amounts of Li,COj3, Al,O3, GeO, and NH,H,PO,
were used as starting materials to prepare LAGP by conventional
solid solution method. Then, the mixture was transferred to an
electric furnace and heated up to 1350 °C for 2 h in an alumina
crucible to obtain a homogeneous glass melt, which removed
the decomposed ammonia, carbon dioxide and water vapors
from the starting materials. The glass fibers, with different
diameters, were drawn from the glass melt at 1100 °C by
changing the drawing speed. Flexible lithium ion conductive
glass-ceramic fibers have been obtained after annealing at
825 °C for 6 h. The as-spun glass fibers exhibited a smooth
surface with a diameter of ~10 um (Fig. 1a). After annealing, the
glass-ceramic fibers shrank and demonstrated a rough surface
with kinky morphology, as shown in Fig. 1b-d. The SEM images
of the fractured surface of LAGP glass fiber (Fig. 1e), which was
air-quenched at room temperature, and LAGP glass-ceramic
fibers (Fig. 1f-h), which were annealed at 825 °C for 6 h, are
presented in Fig. 1. A considerable difference in the fracture
morphology of the samples annealed at 825 °C for 6 h and air-
quenched has been observed in SEM images. The high magni-
fication SEM images revealed that the fibers had been formed
through the merging of LAGP particles. Moreover, the fracture
morphology of the glass fibers, with different diameters, has
shown a significant difference under the same annealing
conditions (825 °C for 6 h). However, most of the glassy phase
remained intact with the formation of crystalline grains, which
indicates that annealing at 825 °C for 6 h is sufficient for
NASICON-type phase growth. Fig. 1e presents a smooth cross-
sectional morphology without any obvious grains for the air-
quenched sample, which can be ascribed to the enhanced
grain coarsening at a higher crystallization temperature of
825 °C for LAGP. In addition, Fig. 1 shows that LAGP glass-
ceramic fibers, with different diameters, can be obtained by
changing the drawing speed. The average diameter of the LAGP

This journal is © The Royal Society of Chemistry 2019
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Fig.1 SEM images of LAGP glass fibers (a and e) and glass-ceramic fibers (b—d, f-h) with different diameters, (b and f) glass-ceramic fibers-300
(diameter of 300 pum), (c and g) glass-ceramic fibers-100 (diameter of 100 pm) and (d and h) glass-ceramic fibers-10 (diameter of 10 um).

glass-ceramic fibers decreased with increasing drawing rate and
the diameter distribution of fibers became narrow. Moreover,
the smaller diameter of the LAGP glass fibers enhanced the
crystallization and resulted in a pore-free structure (Fig. 1h).

The cross-sectional SEM images of the fractured pellets were
observed to better understand the influence of process condi-
tions on microstructural features. The pellets derived from
conventional sol-gel and electrospinning possess more pores
and voids than the pellets derived from the melt-spun
fibers.'****3° In general, the particles sintering involves neck
formation, mass transport and pore closure, with the major
driving force being the reduction of total surface energy.
Nanoparticles exhibit a large surface-to-volume ratio with high
surface energy, which implies that the sintering of nano-
particles should yield high-density pellets due to the presence of
a large driving force. However, the pores and defects of the
crystalline phase continued to disappear when the diameter of
the fibers was decreased from 300 to 10 um. One should note
that the smaller diameter enhanced the crystallization and
reduced the shrinkage of fibers. Meanwhile, the tetragonal
NASICON-type crystal structure has been obtained after
annealing at 825 °C for 6 hours. The results revealed that the
annealed LAGP glass ceramic fibers have a polycrystalline
structure, with a diameter of <200 nm and a grain size of 50—
200 nm. Moreover, Fig. 2 indicates that the glass-ceramic fibers
posses remarkable flexibility.

Energy dispersive spectroscopy (EDS) was used to qualita-
tively assess the chemical composition of LAGP (Fig. 3). Li was
omitted because it is too subtle for EDS to detect. The EDS maps
exhibited the presence and homogenous distribution of oxygen
(O), phosphorus (P), aluminum (Al) and germanium (Ge) in as-
prepared fibers, which implies that side reactions products
(non-conducting Li;PO,) did not form during sintering and
annealing processes. Table 1 summarizes the chemical
composition of the as-prepared LAGP, which is almost consis-
tent with the starting stoichiometric ratio.

The ionic conductivity of fibers strongly depends on the
crystal structure and tunnel size for Li-ion migration. The X-ray
diffraction (XRD) patterns present broad diffraction peaks at 26
= 15.0°, 21.2°, 21.4°, 25.2°, 30.2°, 33.3°, 33.7°, 37.7°, 45.0°,
48.8°,51.7°,56.4°, and 59.1° for after annealing at 825 °C, which
correspond to (012), (104), (110), (113), (024), (211), (116), (214),
(208), (218), (042), (137) and (410) diffraction planes of LAGP
(JCPDS card 80-1924) (Fig. 4).** However, the intensity of the
peaks decreased with increasing diameter, which indicates that
the larger diameter resulted in inferior crystallinity. The sharp
and high-intensity XRD peaks were observed after annealing at
825 °C, which confirms the formation of a highly crystalline
structure. Moreover, the XRD pattern of the fibers, annealed at
825 °C, did not show any impurity peaks and all peaks can be
indexed to the standard hexagonal structure of LAGP. However,
the air-quenched sample did not exhibit any distinct diffraction

Fig. 2 Optical images of glass-ceramic fibers
convolving forefinger (left) and pencil (right).

sample (10 pm)
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Fig. 3 The SEM image and corresponding EDS maps of the glass-
ceramic fibers sample (300 pm).
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Table 1 The EDS analysis of the as-prepared LAGP glass-ceramic
fibers

Element P Ge o Al Total
LAGP theoretical (at%) 17.64 8.82 70.59 2.95 100
LAGP experimental (at%) 17.57 8.40 70.93 3.1 100

H l glass-ceramic fiber-300
l L l J glass-ceramic fiber-100
Jl A A Al

l ‘ I glass-ceramic fiber-10

_A glass fiber

10 20 30 40 50 60
6 [°]

Fig. 4 The XRD patterns of the as-prepared LAGP samples, which
were annealed at 825 °C and air-quenched.

peak, which suggests that the air-quenched sample has an
amorphous structure, which is not desirable for Li-ion
conduction. Moreover, these results are consistent with the
SEM images.

To further understand the Li* transport properties of the
LAGP fibers, the electrochemical impedance spectroscopy (EIS)
was carried out at room temperature. The variation in Nyquist
plots of LAGP glass-ceramic fiber with respect to the diameter of
the fibers is illustrated in Fig. 5. One should note that all
samples have exhibited one semicircle in the high-frequency
region. For an ionic conductor with high ionic conductivity,
the semicircle in the high-frequency range corresponds to the
bulk impedance (Ry,) of the blocking electrodes. The large bulk
impedance of the air-quenched sample can be ascribed to the
inferior crystallinity and absence of crystal grains for Li'
transport, which is consistent with XRD measurements (Fig. 4).
The presence of a sloping line in the low-frequency region
indicates the ionic nature of the NASICON-type electrolyte in
a blocking electrode. The total bulk impedance (Rp,) and crys-
talline grain bulk impedance (Ry,) of a sample can be obtained

(a)

*glass-ceramic fiber-10
= glass-ceramic fiber-100)
v _glass-ceramic fiber-300)

(b)

-15000 | -6.0x10° .

[Q-cm]
cm]

S.-10000 - LY 5 4.0x10°F o .

z
z'[Q

-5000 - 2.0x10° |-
.
- -

.

.
.
.

R - RyR,,

v 4
&

0
0 5000

10000 15000
Z' [@-cm]

20000 25000 00

1.0x10” 1.5x10" 2.0x10"

Z [@-cm]

5.0x10°

Fig. 5 The Nyquist plots of the as-prepared LAGP samples after
different processes: (a) annealing at 825 °C and (b) air-quenching.
Glass-ceramic fiber-10, glass-ceramic fiber-100, glass-ceramic fiber-
300 refers to the diameter of 10 um, 100 um and 300 pm, respectively.
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from the left intercept of the semicircle with the real axis. The
glass-ceramic fiber-10, glass-ceramic fiber-100 and glass-
ceramic fiber-300 have shown a total conductivity of 4.0 x
10°Sem™, 1.7 x 10° Sem ™ and 1.6 x 107* S em ™,
respectively, whereas the air-quenched sample has exhibited
the total conductivity of 6.7 x 10”® S cm ™. In summary, the air-
quenched sample has shown the highest impedance due to the
absence of crystalline grains, whereas the samples annealed at
825 °C have shown the lowest impedance. Moreover, the
impedance of the glass-ceramic fibers has exhibited a direct
relationship with the fiber diameter due to the presence of voids
and defects in fibers with a larger diameter. Hence, the glass-
ceramic fibers, with a smaller diameter, are desirable to ach-
ieve high ionic conductivity. These results are consistent with
XRD and SEM observations.

Conclusions

In summary, we have demonstrated a melt-spun method to
synthesize glass ceramic fibers for the first time. The pores and
defects of the crystalline phase have been significantly reduced
compared to conventional solid state and electrospinning
methods. In addition, we have compared the crystal structure,
morphology and conductivity of the annealed and air quenched
glass-ceramic LAGP fibers. The tetragonal NASICON-type crystal
structure has been obtained after annealing at 825 °C for 6
hours. The results revealed that the annealed LAGP glass
ceramic fibers are polycrystalline, with a diameter of <200 nm
and a grain size of 50-200 nm. The dense and void-free pellets
were obtained after sintering, which have exhibited an
improved ionic conductivity of 107 S em™" at room tempera-
ture. One should note that the proposed method resulted in
superior properties than conventional electrospinning and sol-
gel processes. It is expected that the ionic conductivity of the
fibers can be further enhanced by tuning synthesis parameters,
which result in a crystalline phase with a lower number of pores
and defects. These results highlight the potential of utilizing the
melt-spun method to improve the ionic conductivity of deriva-
tive inorganic solid electrolytes.
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