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Regulating Li-lon Transport through Ultrathin Molecular

Membrane to Enable High-Performance

All-Solid-State—Battery

Sathish Rajendran, Antony George, Zian Tang, Christof Neumann, Andrey Turchanin,*

and Leela Mohana Reddy Arava®

Solid-state lithium metal batteries with garnet-type electrolyte provide several
advantages over conventional lithium-ion batteries, especially for safety and
energy density. However, a few grand challenges such as the propagation of Li
dendrites, poor interfacial contact between the solid electrolyte and the
electrodes, and formation of lithium carbonate during ambient exposure over
the solid-state electrolyte prevent the viability of such batteries. Herein, an
ultrathin sub-nanometer porous carbon nanomembrane (CNM) is employed
on the surface of solid-state electrolyte (SSE) that increases the adhesion of
SSE with electrodes, prevents lithium carbonate formation over the surface,
regulates the flow of Li-ions, and blocks any electronic leakage. The
sub-nanometer scale pores in CNM allow rapid permeation of Li-ions across
the electrode—electrolyte interface without the presence of any liquid medium.
Additionally, CNM suppresses the propagation of Li dendrites by over
sevenfold up to a current density of 0.7 mA cm~2 and enables the cycling of
all-solid-state batteries at low stack pressure of 2 MPa using LiFePO, cathode
and Li metal anode. The CNM provides chemical stability to the solid
electrolyte for over 4 weeks of ambient exposure with less than a 4% increase

1. Introduction

An increase in the demand for electric ve-
hicles and portable electronics pushes the
need for advanced energy storage tech-
nologies. Li metal batteries are an at-
tractive option that provides high energy
density because Li metal anode possesses
the highest theoretical specific capacity
of 3860 mAh g=' and lowest reduction
potential (—3.04 V vs standard hydrogen
electrode).l!l However, Li metal batteries
are limited by the safety hazards they im-
pose due to the use of organic liquid elec-
trolytes, which have low flash points lead-
ing to the risk of fire and explosion.”] Re-
placing the liquid electrolyte with an in-
organic solid-state electrolyte (SSE) pro-
vides higher safety due to the absence of
flammable components, and high energy
density to meet the needs of the future.’!

in surface impurities.
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The past 10-15 years marked the de-
velopment of fast Li-ion conducting SSEs
that have almost achieved a Li-ion con-
ductivity close to that of liquid electrolytes

(1072 to 103 S cm™! at room temperature).’**] Among various
Li-ion conductors, garnet-type SSEs have obtained considerable
attention due to their high Li-ion conductivity, stability with Li
metal, and wide electrochemical stability window.l>! Despite ob-
taining fast Li-ion conduction, these electrolytes fail to achieve
considerable performance when employed in a full cell due to
multiple issues associated with the solid—solid interfaces between
the electrodes and the SSE.[®] Another major challenge lies in
the propagation of Li dendrites through the SSE, which is again
partially associated with the solid-solid interface.l’! Garnets are
rigid ceramic materials that possess almost zero elasticity.®] Due
to this reason, the SSE cannot cope with the volume expansion
and contraction of the anode and cathode during the charge—
discharge cycles.l! This leads to a loss in contact between the
electrodes and the SSE that increases the polarization and re-
duces the capacity. This loss in electrode—electrolyte contact area
at certain locations increases the effective current density on the
region in contact that results in the propagation of Li dendrites.
Relatively higher electronic conductivity of garnet-type SSE has
also been claimed as one of the reasons for the propagation of Li
dendrites.!'%l The direct contact of Li anode with the cubic phase
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of garnet was found to convert a few unit cells of cubic phase to
the tetragonal phase that possesses lower Li-ion conductivity.!'!]
Garnets were also found to be highly reactive with moisture and
carbon dioxide during ambient atmosphere. This leads to the for-
mation of Li,CO,, which has poor wettability with molten Li.l']
On the cathode side, the difference in chemical potential leads to
the formation of a space charge layer that obstructs the flow of
Li-ions across the interface.[’*] Hence, the next step in develop-
ing better all-solid-state batteries (ASSBs) lies in the integration
of solid—solid interfaces.[®]

Herein, we address the multiple issues associated with garnet-
type SSE with a concept of cation regulation using a 2D ultra-thin
(~1 nm) polymeric carbon nanomembrane (CNM).l"¥l The CNM
provides high flexibility for the integration of cathodes with the
SSE and regulates the diffusion of Li-ions across the interface,
which plays a prominent role in the suppression of Li dendrites.
The CNMs fabrication involves cross-linking of self-assembled
monolayers (SAMs) using electron beam irradiation.[*! The
molecular gaps between cross-linked molecules act as pores for
the Li-ion permeation. The molecular gaps possess a pore size of
~0.6-0.7 nm,[*®) which is about approximately ten times higher
than the size of Li-ion, and a pore density of 10'* cm~2 that regu-
lates the Li-ion mass transport at the interface as discussed in de-
tail in our previous work.['7] A systematic investigation of the role
of CNMs in ASSBs has been elucidated through spectroscopic,
microscopic, and electrochemical studies. Further, the synthesis
and transfer of CNM to the SSE is scalable to a large scale that
promises better performing batteries of all form factors. Employ-
ing such sub-nanochannels have been proven effective on sup-
pressing lithium dendrites in conventional Li-ion batteries;!”!
and is a first-of-its-kind application in ASSBs.

2. Results and Discussion

2.1. LLZT Characterization

Tantalum (Ta) doped Li,La;Zr,0,, with nominal composition
Lig,La;Zr, ,Ta, O, (LLZT) was synthesized through conven-
tional solid-state synthesis. The supervalent Ta>* cation occupies
the 16a site along with Zr** imparting cubic phase stability and
slightly higher conductivity by creating vacancies in the crystal
lattice. The composition is abbreviated as LLZT for this entire
study. The successful formation of the cubic phase was confirmed
by X-ray diffraction (XRD) analysis, as shown in Figure S1, Sup-
porting Information. Rietveld refinement of the XRD data was
conducted based on a similar composition available in the open
crystallography database. The final Rietveld refinement pattern
fitted well with the XRD data with a good R, , factor of 8.18%. This
correspondence confirms the formation of the cubic phase with
the Ia-3d space group. The unit cell parameter a was found to be
12.8521 A, which is in good agreement with the literature values
of 12.91011"8) and 12.9455 A.[%] It is also to be noted that there
was not any detection of other common impurity phases such
as Li,CO;, LiAlO; and LiZrO,. The ionic conductivity measure-
ments were carried out using electrochemical impedance spec-
troscopy (EIS) on LLZT attached with blocking electrodes (silver)
at various temperatures, as shown in Figure S2a, Supporting In-
formation. As evident from the plot, the semicircle correspond-
ing to the bulk resistance and grain boundary resistance was only
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observed at lower temperatures. With an increase in tempera-
ture, only the low-frequency line corresponding to the blocking
electrodes was observed. This phenomenon is due to the increas-
ing relaxation frequency, @ = 1/RC, of the LLZT bulk, which
changes due to the temperature dependence on resistance.[?°! To
overcome this issue, a high-frequency analyzer capable of mea-
suring EIS at high frequencies ~#40 MHz is required, and most
laboratory impedance analyzers are limited to 7 MHz. The bulk
resistance value was obtained from curve fitting the EIS spectra
using the equivalent circuit R, /CPE; + CPE, + L, where R, is
the bulk resistance, CPE stands for the constant phase element,
and L stands for the inductor. The ionic conductivity was calcu-
lated using Equation (1), where R is the bulk resistance, ! is the
thickness of the pellet, and A is the area of the pellet.[?"]

x4 W)

|~

Obulk =

The ionic conductivity values measured at various tempera-
tures were plotted in the form of an Arrhenius plot, as shown
in Figure S2b, Supporting Information. It is observed from
the straight-line slope that it follows typical Arrhenius behav-
ior, which can be expressed by Equation (2), where A is the pre-
exponential factor, E, is the activation energy, k is the Boltzmann
constant, and T is the temperature.

_E
c = % exp< kTa) ()

The ionic conductivity of the LLZT was calculated to be 1.13
x 107 S cm™ at room temperature and the activation energy
was calculated to be 0.314 eV. The obtained values were coher-
ent with the literature values.?!l To analyze the microstructure
of the LLZT pellet, field emission scanning electron microscopy
(FE-SEM) analysis along the fracture cross-section was carried
out, as shown in Figure S3, Supporting Information. The FE-
SEM image shows a dense electrolyte with an average grain size
of 12 um. A few voids and defect sites were also present, which
is unavoidable during the conventional sintering process. The
relative density of the LLZT pellet was calculated to be 90.3%
considering the theoretical density of LLZT to be 5.491 g cm~>.
Soon after the polishing step of the LLZT pellet, the sample was
transferred to an X-ray photoelectron spectroscopy (XPS) vac-
uum transfer module to prevent any surface degradation. It is
to be noted that LLZT is highly reactive with the atmosphere to
form Li, CO, with just a few minutes of exposure to the ambient
atmosphere.[?2] The LLZT pellet was loaded into the XPS cham-
ber for analysis, and the results are shown in Figure S4, Sup-
porting Information. The C 1s spectrum (Figure S4a, Support-
ing Information) is composed of multiple components, includ-
ing the adventitious carbon peak at 285.0 eV. The peaks at 286.6
+ 0.2 and 288.6 + 0.1 eV correspond to the presence of impurities
containing C-O and O=C-O functional groups, respectively.!?}]
The presence of Li,CO, contaminant at #290.0 + 0.2 eV was de-
tected, which proves that surface contamination by Li,CO;, is al-
most inevitable by dry polishing techniques.[?22*] A partial reason
for this contamination is the requirement of ambient conditions
for the synthesis of the oxide-type LLZT electrolytes. The Zr 3d
spectra in Figure S4b, Supporting Information, and La 3d spectra
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Figure 1. a) Schematic of the synthesis and transfer of CNM from 1,1":4’,1"-terphenyl-4-thiol molecules onto the LLZT solid electrolyte, b-d) FE-SEM
images of the CNM coated LLZT pellet at different magnifications, e) C 1s and f) S 2p XP spectra of CNM/LLZT.

in Figure S4c, Supporting Information, show weak Zr and La sig-
nals which are due to the masking of the features by the surface
contaminants.?’] The O 1s spectrum in Figure S4d, Supporting
Information, shows a major peak at ~531.5 eV and a minor peak
at ~528.7 eV. The minor peak corresponds to the O?~ in the LLZT
lattice and the major peak corresponds to the O—C bond present
in the surface Li,CO; layer.?’! This phenomenon is common in
LLZT with even a very insignificant level of surface impurity be-
cause of the exponential decay of the intensity due to the mask-
ing effect.?}] From the above characterizations, it is evident that
LLZT was successfully synthesized and a very small inevitable
amount of Li,CO; surface remained on the surface of the LLZT
electrolyte pellet.

2.2. CNM Characterization on LLZT

The fundamental building block of the CNM is the 1,1:4',1"-
terphenyl-4-thiol (TPT) molecule consisting of a thiol group at
one end followed by three conjugated phenyl rings. The series
of steps to obtain a TPT CNM is shown in Figure 1a. The first
step involves the deposition of TPT molecules on an Au/SiO,
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substrate to form an SAM of TPT molecules. Despite containing
conjugated rings in the TPT molecule, the electrical resistance of
the formed SAM was found to be 10® Q when aligned in the per-
pendicular direction.[?®! Subsequent steps involve cross-linking
of the aligned TPT molecules using a low-energy electron beam
to form the CNM. By irradiating electrons, the TPT molecules
cross-link forming an even more insulating CNM.[?’] In the last
step, the formed CNM on the Au/SiO, substrate is transferred to
the LLZT solid electrolyte through electrochemical delamination
assisted transfer.[?8) The CNM-transferred LLZT solid electrolyte
is hereafter referred to as CNM/LLZT and the electrolyte with-
out the CNM is referred to as LLZT. The CNM/LLZT was an-
alyzed through FE-SEM, as shown in Figure 1b—d. In all three
images, the region with CNM could be clearly identified. The
CNM was found to be highly uniform without any blisters and
tears (Figure 1b). Magnified image (Figure 1c) shows the curled
edges of the CNM as observed on other substrates as well.'’] The
CNM was found to be absent in the region above large defect sites
>2 pm (unavoidable in conventional sintering), which is due to
the inability of ultra-thin nanostructures to hang freely above va-
cant sites. Figure 1d shows the FE-SEM image after sputter coat-
ing the sample with a layer of gold (about 80 to 100 nm). The

© 2023 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

contrast of the CNM on the LLZT is enhanced due to the thick
gold layer confirming their uniformity. The CNM spreads over
the LLZT like a sheet of separator that is capable of permeating Li-
ions. The permeation of Li-ion through the TPT-CNM membrane
is studied separately by sandwiching the CNM in-between two Li-
ion conducting polyethylene oxide layers that is further in contact
with Li-metal.[?l The areal Li-ion conductivity for the TPT-CNM
was found to be ~0.5 mS cm™~2 at room temperature, which indi-
cates the ultra-fast permeation of Li-ion. The digital image of the
gold sputtered sample is known in Figure S5, Supporting Infor-
mation, which clearly shows two distinctive regions. The region
covered with the CNM is shiny in nature because of the smooth
topography caused by the CNM membrane. On the other hand,
the gold sputtered LLZT surface is dull in color because of the
high surface roughness of the ceramic solid electrolyte. Overall,
the CNM was found to be highly adherent and uniformly spread
over the LLZT surface. The chemical integrity of the CNM was
confirmed using XPS analysis of the CNM/LLZT. The C 1s spec-
trum shows distinctive peaks at 285.0, 286.6 + 0.2, 288.7 + 0.1,
and 290 + 0.2 eV corresponding to adventitious carbon (C-C),
alkoxide surface impurities from atmosphere, carboxyl impu-
rity from a small amount of residual poly(methyl methacrylate)
(PMMA), and lithium carbonate present on the LLZT surface, re-
spectively. The intensity of the lithium carbonate peak increased
when compared to the LLZT before CNM transfer (Figure S4,
Supporting Information), which stems from further accumula-
tion of Li, CO, layer during the CNM transfer process in an open
atmosphere. The core level S 2p spectrum shows two doublets
according to spin orbit splitting. The first set of doublet peaks at
163.7 + 0.1 and 164.9 + 0.1 eV correspond to the S 2p,, and S
2p;, peaks of the S—C bonds present in the CNM. This confirms
the successful transfer of the CNM onto the LLZT. Apart from
S—C doublet, a set of doublet peaks at 168.1 + 0.2 and 169.3 +
0.2 eV corresponding to the partially oxidized sulfur (SO,) was
also present. This species is related to the oxidation of some of
the thiol groups during electrochemically assisted transfer as ob-
served in the previously reported results./17:2%]

2.3. Prevention of Lithium Carbonate Formation over LLZT Using
CNM

Storage and material processibility at ambient conditions of the
solid-state electrolytes are essential for large-scale manufactur-
ing. The surface of the LLZT reacts with moisture and CO, to
form Li,CO,.[»! The formed Li,CO, has poor adhesion with Li
metal that in turn ends up in high interfacial resistance. An ideal
solution will be a one-step engineering approach that can pre-
vent lithium carbonate formation, dendrites, and provide adhe-
sion to the LLZT solid electrolyte. To prevent lithium carbonate
formation, the CNM should ideally block the permeation of gases
into the surface of the LLZT. Despite CNM being permeable to
water, it requires a driving force such as a pressure difference
for the water molecules to move across the membrane.*” Fur-
ther, the rate of permittivity of CO, is five orders (10°) lower
than moisture.?!l Herein, to analyze if the CNM layer would pre-
vent the contact of LLZT to atmospheric exposure, XPS measure-
ments were recorded before and after exposing the pellets to an
open atmosphere for 4 weeks. The C 1s spectrum of the dry pol-
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ished LLZT electrolyte is shown in Figure 2a. The ratio of the
Li,CO; peak intensity to the adventitious carbon intensity was
about 0.50 + 0.04. After atmospheric exposure (Figure 2b), the
peak corresponding to the Li,CO, evolved drastically indicating
the rate of formation of the surface impurity layer over the LLZT
surface and the peaks intensity ratio was found to be about 1.50 +
0.02. Along with Li, CO,, the carboxyl impurity (COO~) peak also
evolved with a substantial amount. Such observation of an in-
crease in carboxyl peak during atmospheric exposure is in accor-
dance with the previous literature.[?23%] In the case of CNM/LLZT,
the ratio of the intensity and adventitious carbon on a fresh sam-
ple was found to be about 0.50 + 0.01. After 4 weeks of atmo-
spheric exposure, the intensity of both carbonate and adventi-
tious carbon peaks increased only by ~10%, which may be be-
cause of point-to-point variation in the same sample or a very neg-
ligible amount of carbonate accumulation over the defect sites of
CNM/LLZT. The ratio of the peak intensities was found to be the
same as the fresh sample at about 0.50 + 0.01. Hence, the in-
crease in carbonate species is negligible over the surface of the
CNM/LLZT, which solidifies the fact that the CNM layer protects
the LLZT solid electrolyte from ambient exposure induced degra-
dation. Figure 2e shows the FE-SEM image of the CNM/LLZT
pellet after 4 weeks of atmospheric exposure. The region without
the CNM had surface species adsorbed over the LLZT that corre-
sponds to the Li,CO, formation over LLZT, which fills the defect
sites of the LLZT and hinders the view of the grain microstruc-
ture of the LLZT. Contrary to the observed result on LLZT, the
impurities on the solid electrolyte surface are absent while the
microstructure of the grains is still distinct in the regions cov-
ered with CNM. This observation supports the XPS result where
the CNM prevents the formation of Li,CO; over LLZT.

2.4. Adhesion of LLZT with Li Metal

The key challenge for a solid-state battery is to achieve smooth
transfer of Li-ions across the electrode—electrolyte (solid—solid)
interfaces. An important factor governing this transfer is the
adhesion of the Li metal on the LLZT solid electrolyte, which
minimizes the interfacial resistance for Li-ion transport. The in-
teraction of molten Li with LLZT is shown in Figure 3a. The
molten Li tends to roll away from the LLZT surface and stick
to the sides of the LLZT pellet or the stainless-steel container.
Adding a larger quantity of molten Li results in a chunky ball
formation over the LLZT surface (Figure S6a, Supporting In-
formation). Figure 3b,c shows the FE-SEM cross-sectional im-
age after heating the LLZT along with a Li foil at 180 °C for 2
h. Only a limited area of LLZT could get in contact with the Li
metal and the majority of the area possesses voids that are not
in contact with Li metal. The sporadic contact of Li metal over
the LLZT will end up in high interfacial resistance that impacts
the transfer of Li-ions across the interface. Apart from the in-
terfacial resistance, the amount of current flowing through the
area will be several orders higher than the calculated areal cur-
rent density, which will promote the formation of Li dendrites.
The interaction between LLZT and molten Li is better portrayed
in Video S1, Supporting Information, and its screen shots in
Figure S7, Supporting Information. As the LLZT pellet is dipped
and taken out from molten Li, there are no signs of adhesion
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Figure 2. a-d) High resolution C 1s XP spectra of a,b) LLZT and ¢,d) CNM/LLZT measured a,c) before and b,d) after aging in a closed container with
room atmosphere for 4 weeks and e) FE-SEM image of CNM/LLZT after the aging studies.

of Li over the LLZT surface. The non-adhesive nature of LLZT
is from the surface Li,CO; layer that has poor adhesion with Li
metal. On the other hand, the interaction between molten Li and
CNM/LLZT is shown in Figure 3d. The molten Li adheres well
with the CNM/LLZT pellet despite the presence of the surface
Li,CO;, layer over the LLZT surface. This adhesion behavior can
only be possible when the nanometer thick CNM is highly ad-
herent with the LLZT and with Li metal. The superior mechan-
ical properties of the CNM prevents it from rupturing.?}! The
adhesion was also tested with an additional quantity of molten Li
(Figure S6b,c, Supporting Information) and the CNM/LLZT sur-
face was quite in contact with Li, unlike the globule formation

observed in the case of LLZT. The FE-SEM cross-sectional image
after heating the Li foil and CNM/LLZT at 180 °C for 2 h is shown
in Figure 3e,f. The Li foil is highly adherent over the CNM/LLZT
pellet with no defects or discontinuities over the interface. Such
uniform interfaces aid the suppression of dendrite formation.
Further, the CNM is highly electronically insulating in nature
that ideally prevents any electronic leakage into the solid elec-
trolyte. Video S2 and Figure S7, Supporting Information, show
the interaction between molten Li and CNM/LLZT. As soon as the
CNM/LLZT pellet in inserted into the pool of molten Li, the cor-
responding CNM/LLZT surface adheres to the molten Li as it is
retracted out.

Figure 3. a,d) Digital images and b,c,e,f) FE-SEM images of molten Li wettability on a—c) LLZT and d—f) CNM/LLZT.
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Figure 4. a) Galvanostatic cycling of the symmetrical cell using CNM/LLZT at various current density ranging from 0.1 to 0.7 mA cm™2 at 60 °C;
b) corresponding EIS measured before and after cycling. Zoomed part of the galvanostatic cycling at c) 0.1, d) 0.4, and ) 0.7 mA cm~2.

2.5. Dendrites and Interfacial Resistance Evaluation Using
Symmetrical Cell

To observe the effect of the adherent, cation regulating
CNM/LLZT interface with Li metal, a symmetric cell with
CNM/LLZT sandwiched in-between two Li foils on either side
was fabricated and tested at 60 °C. The temperature, 60 °C, was
chosen as the optimum level for the study to achieve reasonable
ionic conductivity in the LLZT electrolyte. The operating tem-
perature can be lowered by making defect free solid electrolytes
through advanced sintering techniques.**! Li plating and strip-
ping tests were done at different current densities, as shown in
Figure 4a. The EIS was recorded before and after cycling the sym-
metrical cells as shown in Figure 4b. The interfacial resistance
of the Li-CNM/LLZT interface was calculated by fitting the EIS
and was found to be 54 Q cm? before cycling of the symmetric
cell. The value matches with the one obtained using Ohm’s law
(51.5 © cm?) from the DC polarization in the initial few seconds
of cycling. After a few minutes of cycling, the interfacial resis-
tance of the Li-CNM/LLZT interface reduced to 10.3 Q cm? as
observed from the polarization in the Li plating/stripping curve
(Figure 4a). The decrease in the interfacial resistance signifies
the creation of an adherent contact in the initial few minutes of
cycling. This can also be from the interaction of Li metal anode
with the thiol group to form a Li-S bond in the interface as ob-
served previously when CNM was employed in conventional Li-
ion batteries.l'”] The symmetric cell exhibited stable cycling at
various current densities (Figure 4d,e). The cell polarization ap-
peared to increase by a margin at current densities of 0.5 and
0.7 mA cm™. At 0.7 mA cm~ the voltage profile appeared to
deviate from the typical square wave profile observed at other
current densities (Figure 4e). However, when switched back to
0.1 mA cm™?, the symmetric cell exhibited stable cycling with
perfect square wave profile. After 1620 h of cycling at different
current densities, the interfacial resistance was found to be 69
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Q cm?, obtained from the EIS in Figure 4b. The slight increase
in the interfacial impedance after cycling may be the result of
high current density cycling, especially at 0.5 and 0.7 mA cm=2,
where the cell polarization was found to increase with time. With-
out the CNM, the LLZT solid electrolyte has very poor adhesion
with Li metal and exhibits very poor symmetric cell performance
even at low current density (0.2 mA cm™2) as shown in our pre-
vious work with similar experimental conditions at 60 °C.[22] The
cell polarization was found to be several orders higher than what
was observed in the case of CNM/LLZT. The superior perfor-
mance of the CNM/LLZT could be from the synergic effect of
uniform contact between the Li metal and the solid electrolyte
as well as the effect of CNM in regulating the flow of Li-ions
into the SSE. To dissect the effect of observed performance in
CNM/LLZT, a symmetric cell using a hybrid electrolyte config-
uration was made using liquid electrolyte that will ensure uni-
form contact between the LLZT and Li metal. Hybrid electrolyte
systems have been the recent solution to solve various interfa-
cial issues in solid state batteries.*®] As shown in Figure S8, Sup-
porting Information, the symmetric cell Li plating/stripping ex-
periment revealed stable cycling at 0.1 mA cm™? with a stable
cell polarization of 80.2 mV. However, the cell shorted soon after
increasing the current density to 0.2 mA ¢cm~2. Hence, the su-
perior performance in the case of CNM/LLZT is not only from
the adherent contact in-between the LLZT and Li metal, but also
from the CNM itself. The CNM effectively regulated the flow of
Li-ions into the solid electrolyte and essentially controls the Li-ion
flux in a particular region. The Li-ion flux will be uniform (ho-
mogeneous) across the solid electrolyte and prevents any heavy
in-flow of Li-ions in one particular region that may induce Li den-
drites. Further, the formed insulating CNM prevents the elec-
tronic leakage into the solid electrolyte that will limit the avail-
ability of electrons inside the LLZT which will further decimate
the reduction of Li-ion to Li metal in the solid-electrolyte’s grain
boundaries.[*]
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Figure 5. FE-SEM cross-section images of SSE-catholyte interface using a,b) LLZT and ¢,d) CNM/LLZT at different magnifications; e) Galvanostatic
cycling of full cell using LiFePO, cathode at 0.3 and 0.5 mA cm~2 at 60 °C and the corresponding voltage profile of the cell cycled at f) 0.3 and
g) 0.5 mA cm™2. EIS evolution during full cell cycling of h) CNM/LLZT and i) LLZT. j,k) FE-SEM cross-section images of cycled cell at 0.3 mA cm™2,

2.6. ASSB Full Cell Performance and Failure Analysis

After obtaining stable cycling performance in the symmetric cell
level, full cell studies using LiFePO, (LFP) cathode were car-
ried out. LFP was chosen as the active material among various
cathodes available in the market because of its superior stabil-
ity at elevated temperatures. The catholyte consists of 60% LFP,
20% LLZT (particle size 650 nm), 15% C-65 conducting car-
bon, and 5% polyvinylidene difluoride (PVDF) binder. FE-SEM
cross-sectional image of catholyte coated over LLZT is shown in
Figure 5a,b. The adhesion of the catholyte with the solid elec-
trolyte depends on the binder-SSE interaction. As a result of poor
adhesion of PVDF binder with the SSE, a gap of about 1 pym is
formed in between the catholyte and the SSE (Figure 5a,b). In
the case of CNM/LLZT, as shown in Figure 5¢,d, the polymeric
binders adhere well with the CNM/LLZT, and an adherent in-
terface is formed in between the catholyte and the SSE over the
entire region. The electrochemical cycling of the full cell was car-
ried out at two different current densities, 0.3 and 0.5 mA cm~2,
as shown in Figure 5e. At 0.3 mA cm™? the cell exhibited an ini-
tial capacity of 133 and 116 mAh g~! in the 140th cycle with a
capacity loss of 12.7% over 140 cycles. At 0.5 mA cm~2, the cell
exhibited a capacity of 111 and 85 mAh g! in the first and 140th
cycle, respectively, which accounts to about 20.7% capacity loss.
The coulombic efficiency of both the cells were low in the first
cycle (89% and 81%) and found to be close to 100% during the
subsequent cycles. The average coulombic efficiency from the
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second to 140th cycle was found to be 99.84% and 99.82% for
the cells cycled at 0.3 and 0.5 mA cm™2, respectively. The high
coulombic efficiency represents the reversible cycling of the full
cell without the formation of Li deposits inside the SSE. The volt-
age profiles of the cell cycled at both current densities are shown
in Figure 5f,g. The cell at 0.3 mA ¢cm~? exhibited a cell polariza-
tion (difference between cathodic and anodic voltage at mid ca-
pacity) of 218 mV in the first cycle and 415 mV in the 50th cycle.
The cell at 0.5 mA cm™? exhibited a polarization of 298 mV dur-
ing the first cycle and 490 mV during the 50th cycle. The high
polarization values are due to the high current density applied to
the cell and the poor conductivity of the catholyte. 0.5 mA cm=2
current density corresponds to about C/2 rate with the catholyte
loading used in this work. Although achieving C/2 rate might
be easy for conventional Li-ion batteries, it is quite challenging
for SSBs involving ceramic electrolyte as it is impeded by sev-
eral challenges. The specific capacity of the catholyte was found
to decrease drastically while the current density was increased,
which can be attributed to the porosity of the catholyte that blocks
the fast ion transport across the electrode. A dense dry electrode
technology with high Li-ion and electron transport is necessary
for developing solid-state batteries. Most solid-state battery cy-
cling in literature is done at non-practical stack pressures and
possesses very poor cycle life. The reason for the increase in po-
larization of the full cell was investigated from the EIS analysis
of the cell cycled at 0.3 mA cm™2 at intermittent cycles, as shown
in Figure 5h. The cell impedance before cycling was found to
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be 980 Q from the charge transfer resistance in the EIS. After
the first, second, 30th, and 50th cycles, the cell impedance was
found to be 943, 964, 1409, and 1671 Q, respectively. The full cell
impedance will have contributions from the charge transfer re-
sistance through the bulk of the solid electrolyte, anode-SSE in-
terface, and the catholyte-SSE interface. From the symmetric cell
studies shown in the previous section, the interfacial impedance
evolution from the anode-SSE interface is very minimal and is
comparatively way less than what is observed here. As seen from
the EIS (Figure 5h), the initial portion of the Nyquist plot is over-
lapping with each other, which confirms the charge transfer re-
sistance through the SSE remains constant throughout the cy-
cling. The increase in cell resistance could only rise from the
catholyte-SSE interfacial resistance. To verify this, cross-sectional
FE-SEM images of the 0.3 mA cm™2 cell after the cycling studies
were carried out, as shown in Figure 5j,k. The formation of tiny
cracks and pores along the CNM/LLZT and the catholyte inter-
face was observed, which might lead to an increase in resistance
for the Li-ion transport across the interface and finally results in
enhanced cell polarization. Despite such defect formation at spe-
cific sites, rest of the area was adherent to the catholyte unlike
the LLZT electrolyte (Figure 5a,b). Such pore formation can be
avoided by increasing the stack pressure of the testing or by mov-
ing to a hybrid electrolyte architecture using non-flammable lig-
uid electrolytes. To validate the above-mentioned claim, a hybrid
electrolyte architecture utilizing room temperature ionic liquid
electrolyte (RTIL) was made. The RTIL used in this study was 1-
butyl-1-methylpyrrolidinium bis(trifluoromethyl sulfonyl)imide
with 1 M lithium bis(trifluoromethyl sulfonyl)imide salt. The
RTIL electrolyte was added in between the solid—solid electrode—
electrolyte interfaces and the corresponding performance of the
hybrid SSB with CNM/LLZT is shown in Figure S9, Support-
ing Information. Galvanostatic charge—discharge measurements
indicate stable performance over 200 cycles at a current density
of 0.3 mA cm~2 at 60 °C (Figure S9a, Supporting Information).
The coulombic efficiency was found to be lower during the ini-
tial cycles, which later improved during cycling. The cell perfor-
mance was highly stable without any short-circuits indicating the
absence of Li dendrite formation. The cell exhibited an average
specific capacity of 160.34 mAh g~! with an average coulombic ef-
ficiency of 98.65% over 200 cycles. The voltage profile of the cell
(Figure S9b, Supporting Information) appeared to be highly sta-
ble with low polarization throughout the entire cycle life. The hy-
brid electrolyte cell with the LLZT (without CNM) only exhibited
three cycles before shorting at the fourth cycle during the charg-
ing step indicating the propagation of Li dendrites resulting in
the short-circuiting of the cell, as shown in Figure S10, Support-
ing Information. Apart from the short-circuit, the polarization of
the cell appeared to continuously increase with cycling probably
resulting from the deposition of Li metal within the SSE that hin-
ders the movement of Li-ion transfer across the electrodes.

3. Conclusion

A nanometer thick molecular CNM with sub-nanometer pores
was introduced in-between the electrodes and the garnet-type
SSE. The CNM, apart from being electronically insulating, regu-
lates the flow of Li-ions into the SSE resulting in a uniform Li-ion
flux that suppresses the formation of Li dendrites inside the SSE.
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Li plating/stripping using Li-Li symmetrical cell was found to be
stable up to a current density of 0.7 mA cm~2 with low interfa-
cial resistance. The CNM also increases the adhesion of the elec-
trodes with the SSE, due to the presence of thiol groups, to form
an adherent interface. The CNM coated samples were found to
be unsusceptible to ambient exposure induced degradation for
over 4 weeks of exposure to ambient conditions. The all-solid-
state battery using LiFePO, cathode subjected to over 140 cycles
at 0.5 mA cm~2 had a capacity retention of 80% with an average
coulombic efficiency of 99.82%.

4. Experimental Section

Synthesis of SSE:  Stoichiometric quantities of Li,CO; (20 wt% excess
to compensate for the Li loss during sintering), La,O; (heated at 900 °C
for 24 h), ZrO,, and Ta, Oy were thoroughly mixed using a ball mill along
with a small quantity of 2-propanol for 6 h. The vacuum-dried mixture was
heated at 900 °C for 6 h at a heating and cooling rate of 3 °C min~". The
obtained calcined powder was further ball milled for 24 h along with 2-
propanol. The dried powder agglomerates were crushed using a mortar
and pestle to obtain fine LLZT powder which was further pressed into pel-
lets using a uniaxial press at 100 MPa pressure. The pellets were sintered
at 1160 °C at a heating rate of 2 °C min~" and a cooling rate of 4 °C min~".
Each sintered pellet was polished to about 300 um thickness in ambient
conditions using a polishing machine and then immediately transferred
to an argon-filled glove box and dry polished using fine emery (1200 grit)
paper to minimize the formation of surface impurities. The final thickness
of the pellets was around 260-270 um.

CNM Synthesis and Transfer:  The CNM was synthesized using a well-
established technique reported in the previous works.['P] The starting
material for the CNM used for this study was TPT (Sigma-Aldrich, 97%).
SAMs of TPT were prepared in an Au/SiO, substrate. The formed SAMs
of TPT molecules were cross-linked by irradiating them using a low energy
electron beam (SPECS FG 15/40, 100 eV, 50 mc cm™2) in a high vacuum
chamber (<1078 mbar). The formed CNM was coated with a 100 nm sup-
porting layer of PMMA by spin coating. The CNM with the PMMA layer was
transferred to the surface polished LLZT pellet using an electrochemical
delaminated-assisted transfer process.I?8] The transfer was done in such
a way that the thiol group of the TPT molecules face the LLZT pellet. The
function of the PMMA layer was to protect the CNM from damage during
the transfer, shipping, and storage. The PMMA layer was removed prior to
the electrochemical cell fabrication by immersing the CNM-coated LLZT
in acetone followed by 2-propanol for 10 min each.

Fabrication and Testing of Electrochemical Cells:  Symmetric cells were
fabricated by sandwiching the CNM/LLZT electrolyte pellets in between
two Li foils (Alfa Aesar, 1.5 mm thick) and heating it at 200 °C for 2 h
using a hot plate inside the glovebox. Full cells were constructed using
a catholyte composition of 60% LiFePO, cathode powder, 15% conduct-
ing carbon, 20% LLZT electrolyte powder, and 5% PVDF binder. The con-
stituents of the catholyte were mixed along with N-methyl-2-pyrrolidone
(NMP) solvent in a mortar and pestle, and the resultant slurry was drop-
casted onto the CNM/LLZT pellet after attaching the Li foil as mentioned
in the symmetric cell assembly. The slurry was dried at 40 °C for 48 h under
vacuum to obtain a dense catholyte layer and then heated at 90 °C for 8 h to
completely evaporate the NMP solvent under a pressure of 2 MPa. Hybrid
SSBs were fabricated by adding liquid electrolyte in between the electrode—
electrolyte interfaces. 1 M lithium bis(trifluoromethanesulfonyl)imide dis-
solved in 1-butyl-1-methylpyrrolidinium bis (trifluoromethylsulfonyl)imide
was used as the liquid electrolyte. The cathode composition used was com-
posed of LiFePOy, conducting carbon, and PVDF binder in the weight ratio
of 80:15:5, mixed using NMP solvent and coated onto the Al foil current
collector. The Li foil anode was not subjected to the heating step men-
tioned previously for the hybrid SSB fabrication. The fabricated cells were
transferred to an in-house, custom-built Swagelok-type cell that would ap-
ply a stack pressure of 2 MPa. The Swagelok cells were double-sealed using
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a Teflon tape to prevent any air exposure. All the electrochemical tests were
done at 60 °C because of the relatively lower ionic conductivity of LLZT at
room temperature.

Materials Characterization and Electrochemical Measurements: XRD
(D2 Phaser, Bruker) measurement on LLZT powder was done using a Cu
Ka (1.5418 A) radiation source using a scan rate of 1° min~". Rietveld re-
finement was performed using GASAS-1I software. A reference cif file was
obtained from open crystallography database. FE-SEM (JSM 7600, JOEL)
images were obtained using an emission current of 15 keV. The XPS anal-
ysis was performed using a ThermoFisher Nexsa surface analysis system
using a monochromatic Al K, (1486.6 eV) radiation. Prior to the analy-
sis, the instrument was calibrated using the in-built gold (84.0 eV) and
silver (368.2 eV) standards. Post-analysis calibration was performed by
assigning the adventitious carbon (C—C bond) peak to 285.0 eV. The ob-
tained spectra were fitted using Gaussian—Lorentzian functions (GL30) in
the CasaXPS software. Electrochemical cells were prepared in an Argon-
filled glove box (mbraun) with O, < 0.6 ppm and H,O < 0.1 ppm. EIS
was obtained using Biologic SP-200 Potentiostat at a frequency range of
7 MHz to 100 mHz. The electrochemical cells were cycled using an Arbin
battery cycler.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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