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The synthesis of dense and uniform solid-state electrolyte membranes for Li batteries is challenging due
to the lack of fine control over the grain growth by conventional sintering methods. Using such
techniques, abnormal grain growth can often occur, with associated contaminants and voids, often
resulting in electrolyte membranes that suffer from high resistivity, poor stability, and the risk of Li
dendrite penetration. Herein, we report a new high-temperature (1500 K) and rapid sintering (30 s)
process by Joule heating that tailors the grain growth and densification toward high-quality, high-
performance solid-state electrolyte membranes. The high temperature contributes to the rapid removal
of impurities, leading to a dense and uniform microstructure in seconds. The short sintering time
provides controlled grain growth, with nearly unchanged grain size and distribution compared to the
solid-state electrolyte powders prior to sintering. Using calcined Ta-doped Li;La3Zr,0,, (LLZTO) garnet
powders, we show that the grain size distribution before and after the rapid sintering are nearly
identical (~4 pm for both), while defects (e.., voids and gaps) and impurities are effectively eliminated.
The resulting high-quality membrane features good ionic conductivity (6.4 x 10°* S cm™! at room
temperature) and excellent stability during lithium striping/plating (>300 h under 0.2 mA cm?),
making it suitable for Li battery applications. This high-temperature rapid sintering approach can be
further extended to a variety of ceramic Li* conductors toward the future development of solid-state
batteries.

Introduction tion has thus been paid to the synthesis of solid ceramic mem-

Solid-state electrolyte holds great potential to improve the  branes [4-7], which are generally made by conventional
energy density and safety of future Li batteries [1,2]. Among  sintering techniques that feature long sintering times (e.g.,

the various solid-state electrolyte candidates, ceramic Li* conduc- ~ 10h), mild-temperatures (~1300K), slow heating rates (e.g.,
tors stand out due to their high conductivity, good mechanical 10 K/min), and/or high pressure (e.g., 50 MPa) [8-11]. Microscop-
strength, and wide electrochemical window [3-6]. Great atten-  ically, these conventional sintering approaches often generate
voids and contaminants in the membrane, which lead to high
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FIGURE 1

Schematic comparison between conventional methods and our high-temperature rapid sintering of ceramic solid-state electrolyte synthesis. (a) Conventional
approaches feature long synthesis time, leading to a wide particle size distribution and large amounts of voids and gaps. (b) The high-temperature rapid
sintering method features a significantly reduced synthesis time, from hours to seconds, resulting in uniform grain size distribution and a dense
microstructure of the sintered membrane. (c) Schematic illustration of the particle size distribution before and after sintering by conventional methods and

the high-temperature rapid sintering technique.

uncontrolled grain growth can also deteriorate the electrochem-
ical performance [16,19]. Furthermore, the long sintering dura-
tion often requires a large amount of extra protective precursor
powder (bed powder) for the pellet to prevent Li loss. Most
importantly, conventional sintering offers limited control over
the crystal coarsening process, in which abnormal grain growth
and varying size distributions can create critical issues [20-24].
Although many studies have shown that the reduced grain size
and its uniform distribution contribute to high mechanical
strength [25], optimal homogeneity [26-28], and good air stabil-
ity [21,29], it remains challenging to have this level of control by
conventional sintering methods. As a result, these issues have
hindered the development of solid-state electrolyte for practical
applications [30-33].

Results and discussion

Herein, we report a new method by Joule heating at a high tem-
perature (1500 K) for the rapid synthesis (seconds instead of
hours) of high-quality membranes from solid-state electrolyte
powders. Carbon felt was used as the Joule heating element for
highly efficient sintering where temperature and heating dura-
tion can be accurately tuned by adjusting the electric power
input. Fig. 1a and b schematically compares conventional meth-
ods with our high-temperature rapid sintering approach for syn-
thesizing solid-state electrolyte membranes. During the long
process (e.g., under 1273-1423 K for 8-12 h, Fig. 1a) of conven-
tional sintering, the evolution of gas and voids often occur
[8,9,12,16-19]. This lack of fine control over the grain growth

process results in wide or even bi-modal particle size distribution
(abnormal grain growth) (Fig. 1c¢) [8,12,19]. In comparison, our
high-temperature rapid sintering method (Fig. 1b) allows for
well-controlled grain boundaries and uniform grain size that
are nearly identical to that of the calcined solid-state electrolyte
powders. Additionally, voids can be effectively eliminated upon
sintering, enabling a highly uniform and dense microstructure
to be obtained. Note that there are no gaseous products during
sintering in our process which employs solid-state electrolyte
powders as opposed to the reactive sintering. This feature of
our process also benefits in the dense structure and well-
controlled grain growth. Compared to the membranes made by
conventional methods, the resulting solid-state electrolyte mem-
brane prepared by this high-temperature rapid sintering process
is expected to have better electrochemical performance. This
technique can be used to tailor the grain growth and densifica-
tion for a range of solid-state electrolytes to support the develop-
ment of future solid-state batteries.

To demonstrate this high-temperature rapid sintering process,
we synthesized Ta-doped Li;LazZr,O, (LLZTO) as a model solid
Li* conductor that features a garnet structure. Two pieces of car-
bon felt, which served as the Joule heating elements, were sand-
wiched around a pressed pellet made of calcined LLZTO powders
(Fig. 2a). In a typical sintering process, we applied a current to
the carbon felt in order to ramp its temperature up to 1500 K
within ~1 s via Joule heating, as measured by a thermal sensing
camera (Fig. 2a and Fig. S1). After holding at a constant temper-
ature for 30s, the temperature of the carbon felt heater was
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(a) Temperature profile of the high-temperature rapid sintering method. The inset images show an LLZTO pellet sandwiched between the carbon felt Joule
heaters before (bottom) and during sintering (top). (b) Digital image comparing the LLZTO membrane before and after the high-temperature rapid sintering
process. (c) XRD analysis of the pressed pellet made of calcined LLZTO powders and the sintered membrane, in comparison to the standard diffraction
pattern of LigsLasZry 45TagssOq, (JCPDS: 01-080-6142). (d and e) Surface microstructure of the LLZTO membrane (d) before and (e) after high-temperature
rapid sintering. (f) Statistical analysis of the grain size and distribution based on the SEM images before and after the high-temperature rapid sintering

process.

cooled down to room temperature (298 K) in less than 1 s by sim-
ply turning off the applied current. Digital image of the mem-
brane before and after high-temperature rapid sintering reveals
a slight decrease of the membrane diameter by ~12.5%, which
is moderate compared with the literature (Fig. 2b) [11]. For a typ-
ical sample, after sintering, the thickness of the membrane
decreased from ~562 pm to ~418 pm meanwhile the membrane
remained flat without deformation. In practice, less size change
is desired for scalable production and quality control, which
has been a major challenge for conventional methods [11].

We characterized the resulting material to verify its composi-
tion and morphology. Fig. 2c shows the X-ray diffraction (XRD)
pattern of the sintered LLZTO membrane matches well with the
standard pattern of cubic phase LigsLazZrq 45Tag 55012 (JCPDS:
01-080-6142). Additionally, the sharp and clean diffraction pat-
tern indicates good crystallinity and high purity of the whole
membrane. Surface microstructure of the pressed pellet made of
calcined LLZTO powders and the sintered membrane are shown
by scanning electron microscopy (SEM) images in Fig. 2d and
Fig. 2e, respectively. Before the high-temperature sintering, the
LLZTO powders (in the form of micron-size particles) were uni-
form but with some agglomeration, demonstrating a mean size
of ~3.6 pm (Fig. 2f). SEM images at higher magnitude demon-
strate a rough morphology due to the presence of impurities
on the surface, such as lithium oxide and lithium carbonate
(Fig. S2A, B) [34]. After high-temperature sintering, the particles
become fused together, forming a dense and pinhole-free
microstructure (Fig. 2e). The mean size of the grains on the sur-
face of the sintered membrane was ~4.1 ym with slightly nar-

rower size distribution than before (Fig. 2f), which are
consistent with the fractured cross-sections (~4.5 um) (Fig. S2).
In addition, the high temperature quickly removed the impuri-
ties as verified by Raman spectroscopy (Fig. S3) and led to the
clean boundaries of the sintered grains (Fig. 2e). The absence of
contamination in part contributed to the formation of well-
merged grain boundaries (Fig. S2C, D). Moreover, the fractured
cross-sections illustrate a trans-granular fracture mode, which
indicates strong grain boundaries and high mechanical strength
of the sintered membrane (Fig. S2E, F).

We also tracked the morphological evolution of the mem-
brane at 15s intervals over a total of 60 s sintering at 1500 K
using SEM to better understand the grain growth process
(Fig. 3a and Fig. 3b). The pellets made of calcined LLZTO powders
showed a mean grain size of 3.6 um and featured a rough surface
(Fig. 3b). After the first 15 s of sintering, the surface of the grains
turned smooth and clean, indicating this amount of time was
sufficient to remove the impurities by the high-temperature.
During this time, the LLZTO particles also began to connect to
each other by “neck growth,” which is controlled by the surface
diffusion [19]. During this stage, the grain boundaries began to
form and grow with the driving force of surface energy. However,
the grain size only increased marginally to 3.8 um (Fig. 3¢) with-
out completely filling the voids and gaps (Fig. 3b). The relative
density of the LLZTO membrane also only slightly increased
from 50% to 68.2% at this stage (Fig. 3d). After sintering for
30s at the same temperature, the membrane became denser
and pinhole-free. In this second period (15-30s), more atoms
diffuse to the “neck” area, leading to the complete removal of

43

=
v
S
(]
(7]
w
[
-9
s
£
)
1
o
I
v
-4
<<
1T}
wv
w
o



Lenovo
Highlight


=
m
(%]
m
=
E
(a]
55
o
=3
@
F]
3
o
o
4
]
o
=
[a}
>

RESEARCH

Materials Today ® Volume 42 e January/February 2021

(@

o 1600f

X

@ "

@ 1200}

S

R

g 800k Too short Optimal Too long
o

£ 400}

o

| ol i . - A ~ I

2 z*
220 &30
£ £
§1 g2
G 10 5
o o 1o
5
2 4 6 8 0 2 4 6 810 2 4 6 8 10 =% 4 6 8 10 5 10 15 20 25 30
Particle size (um) Particle size (um) Particle size (um) Particle size (um) Particle size (um)
(d) 10 s (e - =
S KA 8
2 09} 7TE £ T I - S
[ 5 £n L% & <
S o8l s s & 0 LS
6 o = v
% N O ~ -~ ™ I ] o«
~ -
2 o7} ]2 .8 § 5 = s o =
K s g 2 S % % ¥ ¥ <&
@ 061 i~ = w o« o«
4 a0 O 4 8 & = .
0.5}¢
0

1 1 1 1 1 1 1 3
0 10 20 30 40 50 60
Heating Time (s)

FIGURE 3

(a) Temperature profile of the high-temperature rapid sintering method. (b) SEM images showcasing the surface microstructures of the pellet made of
calcined LLZTO powders and after each 15 seconds of the entire 60 s sintering process. (c) Statistical analysis of the grain size and distribution of the LLZTO
membrane based on the SEM images at each time point during the total sintering process. (d) Relative density and average grain size of the LLZTO
membrane at each time point during the sintering process. (e) Comparison between the literature and our approach on the size ratio of the grains (Dgain)
from the sintered membrane to the calcined powders (Dpowder)-[10,11,19,21,40-45].

pores (Fig. 3b) [35,36]. Surface tension is the key driving force for
the densification during this period, with the surface energy dras-
tically decreased due to the elimination of voids [37,38]. The
mean grain size increased to 4.1 um while the relative density
increased to 93.1% (Fig. 3¢, d). Additionally, at this stage, the
smooth and clean surfaces are preserved on the fused grains
(Fig. S4). The fractured cross-sectional SEM images of the mem-
brane at this stage show a trans-granular mode also with clean
boundaries (Fig. S5).

However, longer sintering resulted in further grain growth
that was less uniform. After 45 s of heating at 1500 K, the merged
grains have enough time to diffuse and grow so that some of the
grain boundaries completely disappeared (Fig. 3b). In this third
period (30-45s), driven by surface energy, the smaller grains

tend to be gradually overtaken by the growth of larger grains, fol-
lowing an Ostwald ripening mechanism [39]. Note that SEM
images with lower magnification (Fig. S6) were used for statistical
analyses since the grain size distribution changed more dramati-
cally at this stage. The mean grain size increased to 5.4 pm along
with a much broader distribution compared to the previous
stages (Fig. 3c), while the density slightly decreased to 90.5%
compared to the 30 s sintered sample (Fig. 3d). After 60 s of sin-
tering, abnormal grain growth occurred, possibly due to sec-
ondary recrystallization or the decomposition of LLZTO
(Fig. 3b). The dramatic change of the microstructure also resulted
in the slight bending of the membrane (Fig. S7A), which is unde-
sirable for practical applications as a solid-state electrolyte. Some
of the grain boundaries also disappeared, in which extremely
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large grain were formed, surrounding smaller grains in an abnor-
mal structure (Fig. S7B, C). The mean grain size was measured to
be ~7.3 ym with a bi-modal distribution (Fig. 3¢). Meanwhile,
the relative density of the LLZTO membrane further decreased
to 88.6% (Fig. 3d). The decrease of the relative density may be
due to Li loss and/or recrystallization of the LLZTO membrane.
This abnormal growth and possible decomposition of the LLZTO
membrane further created new voids and gaps (Fig. 3b). These
results indicate that 30 s of sintering is optimal in terms of mem-
brane quality. The grain size evolution of the LLZTO membrane
was also studied using the fractured cross-sectional SEM images
(Fig S8), which demonstrates nearly identical trend with that of
the surface grains. Under this condition, our high-temperature
rapid sintering process offers better control in grain growth with
limited increase of grain size after sintering (Fig. 3e)
[10,11,19,21,40-45].

To ensure the uniformity of the synthesized membrane, we
characterized the surface morphology of the membrane by SEM
(Fig. 4a). No obvious voids or gaps were observed throughout
the whole surface. To confirm the material’s good uniformity,
we also collected SEM images at higher magnification at three
representative regions of the membrane surface. Nearly identical
morphologies were observed for all three areas (Fig. 4b), as well as
at other spots of the membrane, which featured an almost iden-
tical microstructure and grain size distribution (Fig. S9). The aver-
age diameter of the grain was ~4.1 pm, agreeing with the results
presented in Fig. 3. The surfaces of the grain at the three spots
also appeared smooth and clean. The cross-sectional SEM image
from the fractured membrane was also presented that verifies the
uniformity (Fig. S10A). A typical trans-granular fracture mode
together with uniform grain size and clean grain boundaries con-
firm the high quality of the membrane (Fig. S10B and Fig. S11).
These features are critical to enable high performance of the
solid-state electrolyte in Li battery applications.

To evaluate the electrochemical performance, we fabricated a
Li|LLZTO membrane|Li symmetric cell using a sintered LLZTO
membrane prepared under the optimal conditions of 1500 K
for 30s. A galvanostatic cycling test using the symmetric cell
demonstrated the stable operation of the sintered LLZTO mem-
brane up to 300 h at a current density of 0.2 mA cm~2 without
shorting or any abnormal polarizations (Fig. 4c). Electrochemical
impedance spectroscopy (EIS) revealed a low areal specific resis-
tance of 60 Q cm? and an ionic conductivity of 6.4 x 107* S
cm ! at 298 K, with the former being among the best reported
in the literature (Fig. 4d) [8,11,12-14,21,33,34,45-49]. We calcu-
lated the activation energy (E,) for Li* conduction to be only
0.33 eV according to the Arrhenius equation, ¢T exp (—E,/KT),
as measured in the range from 298 K to 383 K (Fig. 4e). The high
conductivity and low activation energy can be attributed to the
uniform, dense, and impurity-free microstructure. As we
increased the current density from 0.1mAcm™2 to
0.65 mA cm 2, we did not observe any instability in the cycling
performance, indicating the membrane’s good rate capability
(Fig. 4f). Additional cycling tests using an areal capacity of 0.1
mAh cm~? with 0.1 mAcm™2 and 0.2 mA cm™? also demon-
strated stable performance (Fig. S12). When comparing with a
range of garnet Li;La3Zr,0;, (LLZO)-based solid-state electrolytes
prepared by other methods (including LLZTO), our material rep-

resents the high end of the products in terms of its controlled
grain size, uniform and dense structure, rapid processing, and
good electrochemical performance (Table S1).

Our method can be readily expanded from garnet-type solid-
state Li* conductors to a variety of other materials. To demon-
strate the broad applicability of our technique, we applied the
same synthetic process on another model solid-state electrolyte
of LigssglagssTiOs (LLTO), which has a perovskite structure.
An image of the LLTO membrane before and after the high-
temperature sintering process reveals a ~17% decrease in diame-
ter (Fig. 5a), similar to that observed for LLZTO. Note that the
color of LLTO membrane changed from white (in the precursor
state) to grey (in the sintered state), which we attribute to the
reduction of Ti** to Ti*>* at temperatures higher than 1173 K in
an inert atmosphere [50]. After high-temperature sintering at
1500 K for 30 seconds, the separated powders (in the form of par-
ticles, Fig. S13) merged together to form a dense and uniform
structure (Fig. 5b). The XRD diffraction pattern of LLTO mem-
brane (Fig. S14) that matches well with standard Lig 3Lag 567TiO3
structure confirms its high purity and good crystallinity. The par-
ticles became well interconnected and pores were completely
eliminated. Macroscopically the membrane remained flat with-
out any deformation, such as bending or humping, which is con-
sistent with the LLZTO case. We measured the ionic conductivity
of sintered LLTO membrane to be 1.4 x 107> S cm™! at 298 K
according to the fitted EIS curve with equivalent circuit corre-
sponding to a Li|PEO|LLTO membrane|PEO|Li symmetric cell,
which is among the best reported in the literature (Fig. 5¢) [50-
56]. Additionally, good galvanostatic cycling performance was
also obtained owing to the uniform and dense structure made
possible by our method (Fig. 5d). These results suggest that our
technique can indeed benefit a variety of solid Li* conductors.

Conclusion

In conclusion, we have demonstrated a universal method for the
synthesis of high-quality, high-performance solid-state elec-
trolyte membranes. The approach is enabled by Joule heating
of carbon heaters that can provide a higher temperature and
shorter processing time compared to conventional sintering.
The high temperature can effectively remove impurities to
improve densification, and therefore the electrochemical perfor-
mance. This rapid sintering prevents the loss of Li, as well as the
deformation of the membrane, and most importantly offers fine
control over the grain growth (i.e., grain size and distribution).
Using LLZTO (garnet) and LLTO (perovskite) as model materials,
we show that highly dense and uniform solid-state electrolyte
membranes can be synthesized in just 30 s at 1500 K. The result-
ing membranes demonstrate excellent electrochemical perfor-
mance in terms of high conductivity and good stability in
comparison with the literature. This study paves a new way to
synthesize a variety of solid-state electrolyte membranes for the
next generation of safe and high-performance batteries.

Materials and methods

Starting materials

The Lis sLaszZry 45Tag 55012 garnet calcined powders were synthe-
sized via solid-state reaction as reported previously [57]. In brief,
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FIGURE 4

(a) SEM image showcasing the surface microstructure of the LLZTO membrane. (b) SEM images of the LLZTO membrane at three representative spots from
the surface. (c) Galvanostatic cycling test of the LLZTO membrane using a Li|LLZTO membrane|Li symmetric cell configuration. The (d) ionic conductivity, (e)
E, and (f) rate performance of the LLZTO membrane, measured in a Li|LLZTO membrane|Li symmetric cell configuration.

precursors including LiOH-H,O (99.9%, Sigma-Aldrich), La,O3
(>99.9%, Sigma-Aldrich), ZrO, (99.9%, Sigma-Aldrich), and
Ta,05 (99.9%, Sigma-Aldrich) were mixed at stoichiometric
amounts and ball milled using isopropyl alcohol (IPA) for 12 h.
A 10% excess of LIOH-H,O was added to compensate for the loss
of lithium during the sintering processes. Al,O3 nanopowder (~1

wt% of the total material) was added to assist in the sintering
process. The resulting powders were calcined at 1193 K for
12 h. The obtained powders were then pressed into pellets at
300 MPa with a diameter of 8 mm and thickness of about
570 um. The LLTO perovskite powders were synthesized accord-
ing to literature, then pressed to pellets in the same manner [54].
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(a) Digital image comparing the LLTO membrane before (left) and after (right) the high-temperature rapid sintering process. (b) Fractured cross-sectional SEM
image of the LLTO membrane after the high-temperature rapid sintering process. (c) lonic conductivity of the LLTO membrane measured using a Li|PEO|LLTO
membrane|PEO|Li symmetric cell configuration at 298 K. The red line indicates the fitted curve according to the equivalent circuit. (d) Galvanostatic cycling

test of the LLTO membrane using a Li|PEO|LLTO membrane|PEO|Li symmetric cell configuration at 0.1 mA cm™~.

Nitrate salts precursors of LiNO3, La(NO3)3-6H,O and citric acid
were dissolved into deionized water with a stoichiometry of
Lip 35Lap.55TiO3, followed by blending with a mixture solution
of titanium isopropoxide and ethylene glycol to form the LLTO
sol. An additional 20 mol% LiNO; was added to compensate
for lithium loss. After being gelated at 70 °C for 12 h and dried
at 100 °C, the sol transformed to a brown resin. Finally, the LLTO
powder was obtained by calcining the resin at 350 °C for 6 h and
750 °C for 3 h.

High-temperature synthesis

Two pieces of carbon felt (Fuel Cell Earth) were attached to the
edge of a glass substrate using silver paste, as described previously
[58]. A DC power supply (StarPower, 0 ~100V, 0 ~50 A) was
used for the high temperature sintering. The carbon felt (Fuel
Cell Earth, 10 x 1.5 cm) was connected with the DC power sup-
ply as the Joule heating element. The pressed LLZTO/LLTO pel-
lets was placed on the heater. The voltage was ramped up to
28 V immediately by turning the voltage knob where the current
was about 25 A. The high-temperature were conducted in an
argon-filled glovebox with oxygen content below 2 ppm. The
high-temperature heating process was recorded using a digital
camera (Canon 60D, 30 frames s~'). The light emission from
the carbon felt was collected by a visible-near-infrared spectrom-

2

eter (USB2000+, Ocean Optics), then calculated by fitting the
radiation spectrum as reported previously [59].

Materials characterization

The surface and fractured cross-sectional morphologies of the
membranes before and after sintering were observed using a Tes-
can GAIA Plasma FIB/SEM. XRD was performed on a D8 Bruker
Advanced XRD system using a Cu Ka radiation source operated
at 40 kV and 40 mA.

Electrochemical measurements

The synthesized LLZTO solid state electrolyte membrane was
coated with Li metal on both sides using a method reported pre-
viously [60]. Electrochemical measurements of the Li|LLZTO
membrane|Li symmetric cell were tested using a BioLogic
VMP3 potentiostat at room temperature. EIS was performed
using a frequency range of 100 mHz to 1 MHz with 20 mV AC
amplitude. The ionic conductivity of the electrolyte was calcu-
lated by the equation ¢ = D/(A * R), where D, A, and R refer to
the thickness, area, and resistance, respectively. Galvanostatic
stripping/plating of the Li|LLZTO membrane|Li symmetric cell
was performed with a series of current densities at ambient con-
dition; each step was carried for 10 min. The Li|PEO|LLTO mem-
brane|PEO|Li symmetric cell was constructed as follows. First,
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polyethylene oxide (PEO, Mw =800 000, Sigma-Aldrich) and
Lithium bis(trifluoromethanesulfonyl)imide (Adamas) were dis-
solved into acetonitrile with an EO/Li ratio of 15. Then the solu-
tion was dropped on to both LLTO surfaces and dried for 2 h. Li
films were then adhered to both sides of LLTO membrane. Gal-
vanostatic stripping/plating of the Li|[PEO|LLTO membrane|
PEO|Li symmetric cell was performed at 0.1 mA cm ™2 at ambient
condition; each step was carried out for 60 min. All electrochem-
ical measurements were conducted in an argon-filled glovebox.
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