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ABSTRACT: Solid-state Li-batteries (SSLiBs) with solid-state electro-
Iytes (SSEs) can potentially block Li dendrite penetration, enabling the
application of metallic lithium anodes to achieve high energy density
with improved safety. The ion transport behavior and ionic
conductivity in Li-ion batteries is significantly influenced by the
tortuosity of the electrode and electrolyte materials. Low-tortuosity
structures with straight ion pathways are highly desirable yet very
difficult to achieve in solid-state ion conductors. Templating from
wood, for the first time, we developed a highly conductive garnet
framework with multiscale aligned mesostructure through a scalable,
top-down approach. Ion-conductive poly(ethylene oxide) (PEO) was
incorporated into the mesoporous, wood-templated aligned garnet
nanostructure, resulting in a flexible solid-state composite electrolyte.
The synergistic integration of the aligned garnet with soft,
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mechanically robust polymer results in both a high ionic conductivity (1.8 X 10~* S/cm at room temperature) and
good mechanical flexibility. This work provides a new direction for developing low-tortuosity, fast ion conductors inspired

by nature.

teries, the metallic lithium (Li) anode is one of the most

promising alternatives to replace conventional anode
materials, because of its highest gravimetric energy density
(3860 mAh/g) and lowest electrochemical potential (~3.04 V
against the standard hydrogen electrode).'™ However, its
application in conventional cell configurations is greatly
hindered by safety concerns, including liquid electrolyte
decomposition and the high combustibility of organic electro-
lyte, as well as solid-electrolyte-interface (SEI) formation.*™® In
particular, Li dendrite growth and propagation can penetrate
through the polymer separator in conventional full cell
configurations and cause catastrophic short circuits. Therefore,
extensive studies have focused on SSEs with great ionic
conductivity and good mechanical strength that can address Li
dendrite-dominated challenges.”"’

In the past several decades, many outstanding solid electrolyte
materials, including conductive oxides, !¢ phosphates,
hydrides, halides, sulfides,'””~"" and polymer-based compo-
sites’** have been developed for solid-state batteries.”*
Among various inorganic solid electrolytes, garnet-type
Li;LayZr,0,, (LLZO) is one of the most important and
appealing candidates for its high ionic conductivity (107*~1073
S/cm) at room temperature (RT),"* wide voltage window (0.0—
6.0 V),** and exceptional chemical stability against Li

T oward the development of high-energy-density bat-
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metal.””** Among various organic solid electrolytes, plasticized

poly(ethylene oxide) (PEO) enhanced with inorganic oxide
fillers is widely used, because of its ionically conductive
properties in an amorphous state, scalability, electrochemical
stability against lithium metal, and reasonable mechanical
strength.””** Moreover, recent developments suggest that
inorganic-ion-conductor—polymer composite electrolytes
(CPEs) with engineered nanostructures can give rise to further
improvements in ionic conductivity,31_33 electrochemical
stability,”* and mechanical strength.”> For example, a solid
state CPE proposed by Cui et al., consisting of polyacrylonitrile
(PAN)-LiClO, with Ligs3Lagss,TiO; (LTO) nanowires,
exhibited outstanding ionic conductivity at room temperature
and good electrochemical stability.’® Several other solid-state
CPEs enhanced with three-dimensional (3D) flexible garnet-
type LLZO networks were also reported to exhibit high ionic
conductivity at room temperature and good mechanical
strength.””*® However, the inorganic components in these
CPEs are either isolated particles or random fibrils with a high
tortuosity that would increase the transport distance of ions. As
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defined by o4 = 04¢/7 and the Bruggeman relationship o4 =
0,c%, where 0, and 0.4 are the intrinsic and the effective
conductivity of the conducting phase, respectively, € is the
volume fraction of the conductive phase, and a is the Bruggeman
exponent; the ion transport behavior and, therefore, the ionic
conductivity can be significantly influenced by the tortuosity (7)
of the electrode and electrolyte materials, especially when the
electrodes and/or electrolytes are thick.”” Recent developments
on ultrathick electrodes demonstrated that the ionic con-
ductivity and electrochemical performances of the cell was
greatly enhanced, because of the faster ion transport imparted by
straight pores with low tortuosity."”*' In this context,
constructing SSE nanostructures with low tortuosity is highly
desirable to achieve a high ionic conductivity. Recent works have
shown that aligned structures prepared by ice-templating
method** and track-etching technique® can effectively
guide ion transport and enhance the ionic conductivity of
solid electrolytes.*’

Inspired by the aligned structure of natural wood, we report a
highly ionically conductive garnet network with well-aligned
mesostructures through templated synthesis. Wood was
adopted as a sacrificial template resulting in multiscale aligned
porosity, low tortuosity, and high specific surface area of garnet
mesostructures. Because of the high ionic conductivity, good
chemical stability with Li anodes, and wide electrochemical
window;, in this work, we chose garnet-type LLZO as the model
system to fabricate a low tortuosity and aligned solid-state
electrolyte. A composite electrolyte was developed by
incorporating PEO polymer electrolyte into the aligned garnet
templated by wood, which is called garnet-wood (Figure 1). The
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Figure 1. Schematic of multiscale aligned mesoporous garnet
Lig,La;Zr,Al,,0,, (LLZO) membrane incorporated with polymer
electrolyte in a lithium symmetric cell. The garnet-wood possesses
multiscale aligned mesostructure derived from natural wood, which
enables the unobstructed Li ion transport along the garnet/polymer
interface, through garnet, and through polymer electrolyte.

polymer electrolyte provides additional transport pathways and
reinforces the mechanical strength of the composite structure. Li
ions can effectively transport through garnet, polymer, and along
garnet/polymer interfaces. As a result, the garnet-wood
membrane delivers an outstanding ionic conductivity of 1.8 X
107" S/cm at room temperature. Based on this concept, the
design principle and fabrication process for aligned garnet-wood
electrolyte can be extended to other types of solid-state
electrolytes.
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Basswood was chosen as a template to develop the aligned
garnet solid-state electrolyte framework, because of its high
growth rate, low cost, and high porosity. The wood template was
obtained after partially removing lignin from a piece of natural
basswood by chemical treatment, followed by compressing and
slicing perpendicular to the longitudinal direction (natural
growth direction) of the wood (Figure 2a). Mechanical pressing
was used to densify the wood. Additional hydrogen bonds
formed between adjacent cellulose fibers during densification,
which maintains the dense structure of the framework (Figures
S1 and S2 in the Supporting Information). The morphological
changes induced by mechanical compression were investigated
with scanning electron microscopy (SEM) measurements of
multiple specimens. Before compressing, microchannels in the
wood have proximal cylindrical shape with diameters between
10—50 pm, on average (Figures 2b and 2d). After compression,
most of the previously observed microchannels were squeezed
into crack-shaped gaps, and some of the adjacent channels
became connected (Figures 2c and 2e). The densification
method gives a similar structure, regardless of the wood species
(see Figures S3 and S4 in the Supporting Information).
Although these open channels in wood were severely deformed
after compression, their highly aligned multiscale porous
structure remained unchanged (Figure 2f) and showed great
absorbency when immersed into the precursor solution. For
instance, after soaking for 48 h and drying in vacuum at 70 °C for
4 h, the mass of the wood template increased 27.8%, from 2.7 mg
to 3.45 mg (see Figure SS in the Supporting Information). The
high absorbency of wood template can be attributed to both the
hydrophilic nature of wood cellulose and the capillary forces in
the aligned multiscale pores. The high absorption of precursor
solution, pliable nature of the template pores, and scalability of
the procedure are indicative of a cost-effective and productive
method for fabricating SSEs with aligned mesostructures.

The wood with infiltrated garnet precursor was calcined at
800 °C for 4 h in oxygen to obtain the LLZO membrane (see
Figure S6 in the Supporting Information). The wood template
with aligned channels has two unique functions. First, the free
channels in the wood template provide reservoirs to supply
precursor solutions to the template combustion reaction.
Second, the aligned nanofibers with a diameter of 2—10 nm in
the wood template serve as sacrificial pore formers for additional
aligned porosity in the garnet membrane. Morphological
changes after calcination were characterized by SEM. The
aligned porous structure from the wood template was inherited
in the resulting garnet framework at both the microscale (Figure
3a) and nanoscale (Figure 3b). The thickness of the garnet
membrane was controlled by the thickness of the wood
template. SEM image shows that the low-tortuosity channels
are highly aligned and penetrate throughout the entire garnet
membrane (see Figures S7 and S8 in the Supporting
Information). The well-aligned garnet membrane developed
directly from a wood template is flexible after infiltration with
the PEO-based polymer electrolyte (Figure 3c). X-ray
diffraction (XRD) was employed to identify the crystal phase
of the garnet membrane. The XRD pattern of the aligned
mesoporous garnet synthesized using wood template (Figure
3d) matched well with the cubic-phase garnet LisLa;Nb,O,,
(JCPDS File No. 80-0457), despite minor peak shifts at higher
angles due to aluminum (Al) doping and variations in Li
concentration. As a representative structure of fast lithium-ion-
conductive garnet, Li;La;M,05 (M = Nb, Ta) is widely used as a
reference to distinguish conductive garnet phases from non-
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Figure 2. Characterization of the wood template: (a) illustrations of the wood template fabrication through compressing and slicing; (b) SEM
image (top view) of pristine wood; (c) SEM image (top view) of compressed wood, with the apparent diameter reduction of the wood
microchannels after compression; (d, e) cross-sectional SEM images comparing pristine wood (panel (d)) and compressed wood (panel (e)), in
which the channels are closed but the highly aligned structure is preserved; (f) SEM image of the aligned nanofiber with a diameter of ~10 nm.
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Figure 3. Calcination of the aligned garnet templated by wood: (a, b) cross-sectional SEM images showing the alignment of channels at both the
microscale level (panel (a)) and the nanoscale level (panel (b)); (c) photograph of the flexible garnet-wood consisting of the aligned
mesoporous garnet and PEO-based polymer electrolyte; (d) XRD pattern of the aligned garnet matches JCPDS File No. 90-0457, which verifies

the cubic garnet structure.

conductive ones.*® The good XRD pattern match of the aligned
mesoporous garnet with JCPDS File No. 80-0457 verifies that
the wood-templated garnet is the conductive cubic phase.
High-resolution transmission electron microscopy
(HRTEM) of the resulting aligned garnet reveals the clear,
well-crystallized lattice structure of the garnet (Figure 4a). The
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Miller indices were calculated from the corresponding fast
Fourier transform (FFT) pattern (inset of Figure 4a) and the
lattice constant derived from the HRTEM and FFT is 12.982 A,
which agrees with previously reported values.*” Crystal grains
with various orientations can be clearly distinguished in the
HRTEM image of a larger garnet particle broken off from the
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Figure 4. TEM characterization of garnet crystal structure: (a) HRTEM image of a nanoparticle broken off from the aligned garnet showing the
(210) and (021) lattice planes (inset graph shows the FFT patterns of the HRTEM image); (b) TEM image of the edge of a garnet nanoparticle,

showing a clear multicrystalline structure; and (c) EELS spectrum of the garnet surface showing the ROI, spectrum image, and relative
composition map of O, C, and La, respectively.
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Figure S. Electrochemical characterizations of the garnet-wood with aligned mesoporous structure. (a) SEM and its corresponding EDX images
showing the complete, uniform infiltration of polymer electrolyte throughout the aligned garnet. Scale bars = 100 gm; (b) Nyquist plot showing
the decrease in the impedance of the garnet-wood membrane with increasing temperature (the inset schematic shows the structure of the testing
cell); (c) comparison of the jionic conductivity of the garnet-wood and PEO-based polymer electrolyte at different temperatures, the blue region
indicates measurements performed within the range of room temperature (RT); (d) schematic of the lithium symmetric cell with garnet-wood,

showing the low tortuosity, fast lithium transport pathways; and (e) galvanostatic cycling of Li/garnet-wood/Li with a current density of 0.1
mA/cm? at RT.

structure (Figure 4b). The TEM results indicate that the aligned (EELS) was employed to analyze the composition of the garnet
mesoporous garnet has a highly crystallized, well-connected membrane. Figure 4c shows the EELS spectrum with the region
multicrystalline structure. Electron energy loss spectroscopy of interest (ROI) outlined. EELS mapping indicates the relative
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composition and distribution of oxygen, carbon, and lanthanum.
The overlapping region of O k-edge signal and La n-edge signal
identifies the location of LLZO. Although the C k-edge signal is
rare throughout the sample, a small overlapping region of the O
k-edge signal and C k-edge signal was identified, which indicates
that the Li,CO; impurities caused by calcining in oxygen is
minimal.

The garnet-wood SSE was fabricated by infiltrating PEO
polymer electrolyte into the aligned garnet. Figure Sa character-
izes the polymer infiltration with energy-dispersive X-ray
spectroscopy (EDX). The evenly distributed carbon signal
from the top, down to the aligned garnet channels indicates
complete and uniform infiltration of the polymer electrolyte,
which is crucial for establishing sufficient Li ion transport
pathways (see Figure S9 in the Supporting Information). As
suggested in the literature, there are three possible Li-ion
transport pathways. The first pathway is the aligned PEO
polymer electrolyte, whose bulk ionic conductivity (without
fillers) is usually as low as 107 S/cm at room temperature (see
Figure S10 in the Supporting Information).** The second
pathway is the aligned garnet/polymer interface. At the
interface, the aligned mesoporous garnet behaves like a ceramic
filler that can induce changes to the polymer segmental
dynamics and, therefore, influences Li-ion transport. Intensive
studies on the influence of fillers on the ionic conductivity of
polymer electrolyte suggest that the existence of ceramic fillers
reduces the crystallinity of polymer matrix. Positively charged
oxygen vacancies in ceramic fillers acting as Lewis acid sites can
promote Li-ion transport by anion coupling and provide
preferential conductive pathways.*’™>" The third pathway is
transport through the high volume percentage (~68%) aligned
garnet nanostructure. Recent studies indicate that, among the
three transport pathways in garnet—polymer composite electro-
Iyte systems, conduction through the garnet phase is the most
preferred, evidenced by tracking isotope-labeled Li-ion migra-
tion using nuclear magnetic resonance (NMR).52 Note that the
typical bulk ionic conductivity of dense LLZO achieved in our
laboratory using the same composition is up to 2.2 X 10™*S/cm
at room temperature. However, this bulk ionic conductivity is
difficult to achieve in conventional mesoporous structures,
because of the highly tortuous transport pathways caused by
random pores and insufficient solid—solid interfacial contact at
the numerous pore gaps.*”>* In contrast, the low tortuosity of
the aligned mesoporous garnet structure enables unobstructed
Liion transport along the normal direction of the flexible garnet-
wood, which effectively promotes ionic conductivity.

The ionic conductivity of the garnet-wood was characterized
by electrochemical impedance spectroscopy (EIS). A garnet-
wood membrane (area of 0.178 cm? 150 um thick) was
assembled into symmetric cells with stainless steel as the
blocking electrodes and scanned from 1 MHz to 100 mHz.
Figure Sb shows the Nyquist plot of the electrolyte membrane
tested from 25 °C to 95 °C. The experimental ionic conductivity
is calculated using the electrolyte membrane thickness and area,
and the results are shown in Figure Sc. The garnet-wood
membrane achieved an ionic conductivity of 1.8 X 10™*S/cm at
room temperature. As the operating temperature is increased,
the intersection of the semicircle with the real impedance axis
decreased, indicating an improved ionic conductivity with
elevated temperature (Figure Sb). At 95 °C, the ionic
conductivity increased to 1.1 X 107 S/cm, which represents a
factor of 6.3 improvement above the room-temperature
performance. The temperature dependence of the ionic
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conductivity for the garnet-wood can be expressed by the
Arrhenius equation:

E
c=A exp(—k—;)

where ¢ is the total ionic conductivity of garnet-wood, A the pre-
exponential factor, T the absolute temperature, E, the activation
energy of garnet-wood, and k the Boltzmann constant.”* The
calculated activation energy of garnet-wood is 0.38 eV, which
can be decreased further by adjusting the proportion of polymer
electrolyte. This effect is due to various enhancement effects,
including the increase in the volume fraction of amorphous
conducting phase as well as the improvement in the long-range
polymer chain mobility.*’

As a proof-of-concept, a Li metal/garnet-wood/Li metal
symmetrical cell was fabricated, and a Li stripping/plating test
was performed at room temperature (Figure Sd). Figure Se
shows a characteristic 180 h of the cycling at a current density of
0.1 mA/cm? for 30 min in each direction. The voltage response
of the symmetric cell stabled at 50 mV with slight fluctuations.
The symmetrical cell cycled well for over 600 h with small
polarization (see Figure S11 in the Supporting Information).
Cyclic voltammetry (CV) curve of the symmetrical cell suggests
that the electrolyte is stable up to 6 V (see Figure S12 in the
Supporting Information). Garnet-wood was sandwiched with
lithium metal as counter and reference electrodes and stainless
steel was used as a working electrode. The long-term cycling
performance indicates that the garnet-wood membrane
enhanced with aligned mesoporous garnet can enable fast and
stable ion transport. The wide voltage window suggests that the
electrolyte meets the voltage stability requirements of high-
voltage oxide cathodes. In addition, the polymer electrolyte also
largely improves the mechanical flexibility of the aligned garnet,
enabling its use in Li metal batteries.

In summary, garnet-wood composite SSE with a multiscale
aligned mesoporous structure is reported for the first time. The
scalable compressed wood template results in the unique low
tortuosity and high surface area mesostructure that is critical to
the improved electrochemical performance and mechanical
stability. Ionically conductive polymer serves as a matrix to
reinforce the mechanical strength of the aligned mesoporous
garnet membrane and provide additional ion transport pathways
through the amorphous conductive phase and the garnet-
polymer interfaces. Benefiting from these structural merits in
combination with the intrinsic high ion conductivity and low
tortuosity of the aligned mesoporous garnet, the garnet-wood
composite electrolyte achieves a high Li ion conductivity of 1.8
% 107*S/cm at room temperature and 1.1 X 1073S/cm at 95 °C.
This is close to the bulk conductivity of garnet itself and
moreover exhibits an enhanced contribution from the garnet/
polymer interface. The garnet-wood demonstrates great
potential as a low-tortuosity structure for highly conductive
SSE and it also provides a model study for the design and
optimization of solid-state CPEs.

B EXPERIMENTAL SECTION

Materials Preparation. The wood template was prepared
by slicing the compressed wood perpendicular to the
longitudinal direction (natural growth direction). To prepare
the compressed wood, basswood blocks were boiled in a water
solution of mixed NaOH (>97.0%, Aldrich) and Na,SO,
(>98.0%, Aldrich) with a mole ratio of S:1 for 7 h, followed
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by immersion in boiling deionized water to remove any
remaining chemicals. The basswood blocks were then com-
pressed at 100 °C with a pressure of 5 MPa.

The garnet precursor solution was prepared by dissolving
stoichiometric LiNO; (>99.0%, Aldrich), La(NO;); (>99.9%,
Aldrich), AI(NO,);9H,0 (>98.0%, Aldrich), ZrO(NO,),
xH,0 (99.9%, Aldrich), and acetic acid (>99.7%, Aldrich) in
ethanol (>99.8%, Aldrich) at room temperature under magnetic
stirring. The total cation concentration of the precursor solution
was 2 mol/L. 15% excess lithium nitrate was added to
compensate for the loss of lithium at high calcination
temperatures.

The wood template was soaked in the above-mentioned
solution for 48 h to impregnate the garnet precursors. Excess
solution was wiped off from the surface and the sample was dried
at 70°C for 4 h. Subsequently, two 5-h thermal treatments were
conducted in oxygen—first at 400 °C and then at 800 °C—to
burn off the organics and sinter the dispersed precursors. The
heating process was carefully controlled with a ramp rate of 10
°C/min to retain the microstructure of the wood template.
Garnet nanoparticles and nanofibers for TEM studies were
obtained by grinding and sonicating the garnet membrane in
isopropanol (IPA).

The PEO-based polymer electrolyte was prepared by
dissolving PEO (Mv = 600000, Aldrich) with bis-
(trifluoromethane)sulfonimide lithium salt (LiTESI, >99.85%,
Aldrich, EO:Li* = 8:1) into acetonitrile (anhydrous, 99.8%,
Aldrich) under magnetic stirring in an argon-filled glovebox at
room temperature. 15 wt % succinonitrile (SCN, 99%, Aldrich)
was added into the solution and the mixture was magnetically
stirred until SCN completely dissolved. The drop-cast polymer
electrolyte in the aligned mesoporous garnet (garnet-wood) was
fully dried in vacuum at room temperature for 1 h before
electrochemical testing.

Materials Characterizations. XRD was performed on a
Bruker D8 Avance system using Cu K radiation. SEM images
and their corresponding EDX images were obtained using a
Hitachi SU-70 field-emission SEM system that was equipped for
energy-dispersive X-ray spectrometry (EDX). TEM images were
obtained using a JEM 2100 field-emission gun TEM system that
was equipped for electron energy-loss spectrometry (EELS)
studies. FFT image was computed from the high-resolution
TEM image, using the Gatan Microscopy Suite. The EIS
measurement was performed with a Solartron-1260 impedance
gain phase analyzer on symmetric cells consisting of the garnet-
wood between stainless steel plates as blocking electrodes. The
cells were rested in an environmental chamber for 30 min at the
predetermined temperature before each EIS test to reach
thermal equilibrium and then scanned from 1 MHz to 100 mHz
to acquire the impedance curves at various temperatures. The Li
stripping/plating tests were performed with a BioLogic VMP;
multichannel potentiostat on symmetric cells consisting of the
garnet-wood between Li metal foils as electrodes. The cells were
cycled at a current density of 0.1 mA/cm? for 30 min in each
direction at room temperature in an argon-filled glovebox.
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Photographs and SEM images of pristine wood and
compressed wood of various species, weight change of the
wood template during infiltration, photographs and SEM
images of garnet-wood, ionic conductivity of polymer
electrolyte at various temperatures, additional galvano-
static cycling data of garnet-wood symmetric cells, and
cyclic voltammetry (CV) curve of garnet-wood (PDF)
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