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ABSTRACT: In common hybrid solid electrolytes (HSEs), (a)[j o @ °
either the ionic conductivity of the polymer electrolyte is ° o

enhanced by the presence of a nanosized inorganic filler, which s.\:,- ? a4 Q‘. )

effectively decrease the glass-transition temperature, or the 4 : © oo

polymer solid electrolyte acts mostly as a flexible host for the L °°° o %o

inorganic solid electrolyte, the latter providing the conductivity. Li HSE Li Li HSE Li

- Li metal

polymer matrix

conductivity of the inorganic solid electrolyte and the flexibility
of the polymer matrix. It is demonstrated that the LAGP
(Li, sAly sGe, s(PO,);) participates in the overall conductivity and A o
that the interface environment between the poly(ethylene oxide) O © 070 e norganic particles
(PEO) and LAGP plays a key role in utilizing the high Li HSE Li ¢ Lidons
conductivity of the LAGP. This HSE demonstrates promising

cycling versus Li-metal anodes and in a full Li-metal solid-state battery. This strategy offers a promising route for the
development of Li-metal solid-state batteries, aiming for safe and reversible high-energy-density batteries.

Here a true HSE is developed that makes optimal use of the high () I © 0o0"®

T remendous effort is being invested in exploring next- additives (such as FEC and LiNO,),'""™"? artificial SEI layers
generation rechargeable batteries, which possess an on current collectors,"”>™"° 3D electrodes for lithium
energy density that exceeds current Li-ion battery accommodation,'®”'® and the replacement of liquid electro-
(LIB) technology. This is essential in order to expand the lytes with solid-state electrolytes,'” ' as summarized in recent
applicability of portable devices and electric vehicles. The reviews.” Among these, the solid-state electrolyte with its
development of state-of-the-art LIBs is in particular restricted nonflammable nature and potentially wider practical electro-
by the limited lithium (Li) storage capacity of its graphitic chemical stability window presents additional opportunities for
carbon anodes.' ™ In terms of high specific capacity (3860 the use of a lithium-metal anode, simultaneously alleviating
mAh ¢g') and low reduction potential (—3.040 V vs SHE), Li- safety concerns and improving the energy density of the
metal is considered the “Holy Grail” of Li-battery anodes, battery.
making it a topic of intensive study.” In recent years, progress Solid-state electrolytes can be categorized as inorganic,
in the development of high-capacity cathodes such as sulfur-, polymer, and hybrid solid electrolytes (HSEs), the latter
oxygen-, and Li-rich cathodes, has also led to the revival of Li- composed of both an inorganic and a polymer solid electrolyte
metal anode research, currently making it a hot topic.””" component.””** Solid polymer electrolytes (SPEs) possess
Unfortunately, the thick solid electrolyte interface (SEI), many merits, such as excellent contact/adhesion with electro-
formed due to severe reactivity with the electrolyte, and related des, superior mechanical properties, and good flexibility.”***
growth of lithium dendrites result in safety concerns that have
hindered the capitalization of Li-metal-based batteries Received: June 26, 2019
(LMBs).>” Many strategies to alleviate lithium dendrite Accepted: August 26, 2019
growth have been developed, including the use of electrolyte Published: August 26, 2019
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Figure 1. Characterization of the HSE. (a) Ionic conductivity determined by impedance spectroscopy measurements of the HSE and SPE at
different temperatures. (b) T; determined by "Li NMR SLR experiments at different temperatures for the HSE. (c,d) SEM measurements
showing the morphology of the HSE and the LAGP particles. The optical image of the HSE film is shown in the inset of (c).

Among the SPEs, the most well-known and intensively studied
family are polyether-based, i.e., poly(ethylene oxide) (PEO)-
based polymers, discovered by Wright in 1973 and first applied
in a lithium battery by Armand in 1978.>° Because they can
directly complex with lithium salts and function as polymer
electrolytes without the addition of a liquid plasticizer, these
PEO-based electrolytes have attracted a great deal of attention
in previous decades.”””® The disadvantage of PEO-based
electrolytes is their relatively low room-temperature con-
ductivity (1078107 S cm™'), which is ascribed to the
semicrystalline nature of PEO (T,, = 65 °C), which lowers the
PEO chain mobility. Consequentially, existing PEO-based
LMBs can work only at elevated temperatures (>60 °C).*>*
This has spawned intensive research toward the development
of PEO-based SPEs with improved ionic transport properties
while retaining their superior mechanical and process proper-
ties.”**” One established strategy is to introduce an inorganic
filler in the polymer matrix, thus constructing an HSE.”*~’
Early work used nanosized inactive fillers, such as SiO,, Al,Oj,
and TiO,, which suppress the crystallization of the PEO
chains. This facilitates polymer segmental motion, thereby
promoting ionic conduction (percolation effect).’”** Recently,
Hu et al.”” traced the Li-ion pathways in an HSE comprising
nanosized Li;;GeP,S;, (LGPS) particles embedded in a PEO
matrix with solid-state nuclear magnetic resonance (ssNMR)
spectroscopy. In that case, Li-ion transport was found to
dominantly place through the LGPS—PEO interfaces that
percolate through the membrane and not through the bulk of
the inorganic or polymer phases. Zhang et al."’ proposed a
flexible anion-immobilized ceramic—polymer composite elec-
trolyte with 40% microsized (8.7 pm) active LLZO filler
particles in a PEO matrix. An improved resistance to dendrite
penetration was demonstrated, and it was shown that the
conductivity occurred via a network of LLZO particles
embedded in the PEO matrix. In this case, the PEO matrix
is inactive in the Li-transport mechanism and acts primarily as
a flexible host. This role of the microsized active filler was also
elucidated by Hu et al.>*** with ssNMR spectroscopy. It was
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shown that Li ions favor Li-ion diffusion pathways through the
LLZO ceramic phase (50 wt %) instead of diffusing through
the PEO—LLZO interface or the PEO matrix. Between these
extremes, i.e., a small amount of nanosized filler (both active
and inactive) versus a large amount of active microsized filler,
there are possibilities to explore the transport mechanism and
achieve improved performance by tuning the HSE composi-
tion, where in particular interfacial phenomena can be
expected to play a key role.

Here we report the development of a room-temperature
solid-state LMB with an HSE, consisting of a PEO matrix with
succinonitrile (SN) as an additive and a small amount of
microsized Li;, Al Ge, ,(PO,); (LAGP) inorganic filler. The
Li-ion transport mechanism through the HSE is characterized
by ssNMR. It is found that with the addition of SN
conductivity through the LAGP is activated through the
interface with the polymer matrix. This allows reduction of the
number of inorganic particles added to the electrolyte system,
making the HSE more flexible and cheaper while also
improving the conductivity of the HSE, thus enabling room-
temperature operation. Through this new approach, optimal
use of the high conductivity of the inorganic solid electrolyte
and the flexibility of the polymer matrix is achieved. The
proposed HSE concept provides new directions and
possibilities in the design of HSEs for room-temperature
LMBs.

A pure PEO-based electrolyte does not provide sufficient Li-
ion conductivity to enable a room-temperature solid-state
LMB. Interestingly, Fan et al.”" introduced a plastic crystal, SN,
into PEO-based polymer electrolytes, resulting in ultrahigh
ionic conductivity (>107* S/cm). However, in practice, the
poor mechanical strength and processability of the pure PEO/
SN/Li salt mixture pose a challenge, which may be resolved by
the introduction of inorganic fillers in these polymer
electrolytes. Intensive research efforts have led to the discovery
of several families of excellent inorganic solid Li-ion
conductors including the sulfides (Li,S—P,S;, Li,S—SiS,,
Li,S—GeS,), oxides (Li;La;Zr,0,, and LiyLa(3)_3,TiO5)
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Figure 2. Application of the HSE in a LMB. Electrochemical performance of (a) Li/SPE/Li, Li/HSE/Li, and (b) LFP/HSE/Li batteries at
0.05 mA/cm? and 0.05 C. The expanded scale is shown in the right panel. (c) LSV of the Li/SPE/SS and Li/HSE/SS half-cells from open-
circuit voltage (OCV) to 4.5 V at a scan rate of 0.1 mV s~', using stainless steel (SS) as a working electrode and Li as the counter and
reference electrodes. (d) Evolution of the EIS of the Li/HSE/Li battery upon cycling at 0.05 mA/cm”. (e) T, determined by "Li NMR SLR
experiments at different temperatures for the pristine HSE and HSE after 10 cycles in a Li/HSE/Li battery.

and phosphates (LiPON, Li,,,Al.Ge,_.(PO,);, and
Liy,, Ti,_,AL(PO,);)."” Among them, the Li,,, AL, Ge,_,(PO,),
(LAGP) solid electrolyte possesses a relatively high lithium ion
conductivity of over 10™* S/cm, high atmospheric stability, and
a wide electrochemical window (up to 6 V vs Li*/Li), making
it a suitable candidate to optimize the polymer electrolyte.*
With this rationale, an HSE composed of PEO, SN, LAGP, and
lithium salt (LiTFSI) was fabricated and characterized, as
shown in Figure 1. The temperature dependence of ionic
conductivities for the PEO—SN—LiTFSI electrolyte (SPE) and
the LAGP—PEO—SN—LiTFSI electrolyte (HSE) are pre-
sented in Figure la. The conductivity of both electrolytes
follows an Arrhenius behavior, resulting in activation energies
of 0.384 and 0.381 eV for the SPE and HSE, respectively. This
indicates that the diffusion barrier is slightly smaller in the HSE
and much smaller as compared to, for instance, that in the
hybrid PEO—LLZO electrolyte (0.83 eV).*” Moreover, the
room-temperature conductivity of the HSE (1.73 X 107 S/cm
at 25 °C) is 2 times higher than that of the SPE mixture (7.58
X 1075 S/cm at 25 °C), suggesting that the LAGP filler
enhances the ionic conductivity of the HSE mixture. Figure 1b
shows the "Li spin—lattice relaxation (SLR) rate (1/T;) as a
function of temperature for the HSE. The maximum relaxation
rate is achieved at 338 K, as shown in Figure 1b, which implies
that the hopping frequency is of the order of the Larmor
frequency (®,). The low-temperature flank represents the
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short-range motional processes, here possibly corresponding to
Li-ion transport within the polymer chains, whereas the high-
temperature flank most likely represents a longer-range Li-ion
diffusion process, most likely corresponding to Li-ion transport
between polymer chains or transport from the polymer matrix
to LAGP particles.”*** Assuming an Arrhenius behavior for the
Li-ion residence time, the SLR rates in Figure 1b yield
activation energies of 0.163 and 0.204 eV, respectively, for the
local Li-ion and long-range Li-ion diffusion processes. SEM
images of the HSE are shown in Figure 1¢,d. The morphology
of the surface demonstrates that a relatively flat film forms,
which is free-standing and translucent, as observed in the inset
of Figure lc. According to the density of each material, the
volumetric ratio of the microsized LAGP is 2.3%. Figure 1d
shows that the LAGP particles, having an average diameter of
~1 pm, are evenly distributed throughout the polymer matrix.
Most of the LAGP particles are wrapped in the polymer
electrolyte, and only a small number of particles are visible on
the surface. Summarizing, it is demonstrated that introducing
the LAGP in the SPE mixture results in a more processable
free-standing membrane with a uniform surface morphology
with a higher ionic conductivity.

The HSE was first tested electrochemically in a Li-metal
symmetric cell (Li/HSE/Li) and as a LIB combining a Li-
metal anode and a LiFePO, (LFP) cathode (Li/HSE/LFP), as
shown in Figure 2. Without LAGP, as shown in Figure 2a, the
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Figure 3. ssNMR characterization of the pathway of Li-ion transport in the HSE. (a) One-dimensional (1D) SLi MAS spectra of PEO—
LiTESI, SN—LiTFSI, SPE, and LAGP. (b) 1D °Li MAS spectra of the HSE and HSE cycled between °Li metal and their quantification results.
(c) 1D SLi MAS spectra of the SPE cycled between °Li metal and HSE cycled between “Li metal.

Li/SPE/Li cell shows an overpotential of over 200 mV and
quickly dies in less than seven cycles by a short circuit. This
indicates poor resistance against dendrite formation and
penetration. Upon LAGP addition, the Li/HSE/Li cell shows
more stable cycling at a relatively small overpotential of ~100
mV. The charge and discharge curves for 10 cycles of a Li/
HSE/LFP battery, working at 0.05 C at room temperature, are
shown in Figure 2b. The charge and discharge curves show the
expected potential plateaus of the LFP redox, indicating a
reversible cycling process.”® The battery provides a capacity of
~120 mAh/g, with an average Coulombic efficiency of ~99.9%
and an over potential of 300 mV, indicating the feasibility of
the HSE to serve as a solid-state electrolyte for a room-
temperature LMB. For comparison, the Li/SPE/LFP battery
shows a lower capacity (~85 mAh/g), a larger and growing
overpotential (~S00 mV), and a lower Coulombic efficiency
(~97%), reflecting the low ionic conductivity and poor
mechanical strength of the SPE (Figure S1). The electro-
chemical stability of both the SPE and HSE were investigated
by linear-sweep voltammetry (LSV), as shown in Figure 2c.
From the LCV scans, the HSE demonstrates a larger
electrochemical stability window, up to 4.5 V, while for the
SPE, oxidation sets in at around 4.2 V. This suggests that
LAGP particles interact with PEO and the lithium salt anions,
raising the oxidative stability.” The interface stability of Li/
HSE/Li was further examined by electrochemical impedance
spectroscopy (EIS), as shown in Figure 2d. It can be seen that
the interfacial resistance of the Li/HSE/Li increases to reach
the maximum value after five cycles, presumably due to the
volumetric changes upon lithium-metal plating and stripping
and the evolution of the lithium—HSE interface.”® After 5
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cycles, the resistance continuously decreases until cycle 25,
after which it remains constant up until 100 cycles, which
indicates a more conductive interface forming during the initial
cycles. Figure 2e shows the temperature-dependent "Li NMR
SLR rates (1/T,) for both the pristine HSE and for the HSE
after 10 cycles in an Li/HSE/Li cell. The temperature
corresponding to the maximum SLR rate and the activation
energies from the low- and high-temperature flanks (represent-
ing local and long-range diffusion) remain the same before and
after cycling (338 K), which demonstrates that the bulk self-
diffusion of the HSE is not affected by cycling, again
demonstrating the high stability of the HSE.

To understand the improved conductivity observed upon
the addition of a relatively small amount of LAGP (10 wt %),
the Li-ion transport pathway was investigated. We employed
ssNMR, which is demonstrated to be a powerful technique to
locate Li ions and trace their migration and diffusion pathways
in solid electrolytes.””**~>" Figure 3a depicts the °Li magic
angle spinning (MAS) NMR spectra of PEO—LiTFSI, SN—
LiTFESI, SPE, and LAGP. It can be seen that the SPE shows a
resonance at —1.56 ppm, located between that observed for
pristine PEO—LiTFSI (—0.59 ppm) and SN—LiTFSI (—2.50
ppm). This indicates that Li experiences a homogeneous
environment, most likely reflecting that SN and PEO mix well
and that the diffusion of Li leads to a well-defined average
chemical shift, as observed. LAGP shows a relatively broad
resonance peak at —1.37 ppm, quite close to that observed for
the SN—PEO—LiTFSI mixture (—1.56 ppm), making it
difficult to spectrally resolve the individual LAGP and polymer
electrolyte peaks in the HSE system. Nevertheless, the
spectrum of the pristine HSE (Figure 3b) can be deconvoluted
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into two resonances, one representing Li in the LAGP and the
other Li in SN—PEO—LIiTFS], as shown in the Supporting
Information Figure S2. Next we investigated the impact of
cycling the HSE (with a natural abundance of Li isotopes of
7.5% °Li and 92.5% ’Li) in a Li-metal symmetric cell
comprising °Li-enriched Li-metal electrodes. Deconvolution
of the °Li NMR spectrum of the cycled HSE (Figure S2), the
results of which are shown in Figure 3b, demonstrates that
after 10 cycles a larger fraction of the °Li signal originates from
LAGP as compared to the pristine HSE. This indicates that
when the HSE is cycled between °Li-enriched Li-metal, which
leads to °Li-ion migration through the HSE, results in
replacement of a significant amount of ’Li in the LAGP by
SLi, attesting that LAGP forms part of the Li-ion transport
pathway. In addition, a new broad °Li resonance at —0.75 ppm
appears upon cycling. As shown in Figure 3b, when the content
of LAGP in the HSE is decreased from 10 to 5 wt % and cycled
in a °Li-enriched Li-metal symmetric cell, the contribution of
this new °Li resonance reduces by nearly 40%. This implies
that a new Li environment is created upon cycling. Because the
amount of this environment appears to scale with the LAGP
content, we propose that it arises from Li ions at the interface
between the LAGP particles and the polymer matrix. To
support this hypothesis, we also cycled the HSE between
regular Li metal (comprising ~7.5% °Li) and the SPE mixture
(without LAGP) between the °Li-enriched Li-metal, each for
10 cycles. As shown in Figure 3c, the cycled SPE does not
display the °Li resonance at —0.75 ppm, indicating that the
new environment arises due to the presence of LAGP. In
addition, the appearance of the low-intensity °Li peak at —0.75
ppm for the HSE cycled between natural abundance Li-metal
further confirms that this environment is correlated with the
presence of LAGP. More direct proof that the environment at
—0.75 ppm can be assigned to the interface between LAGP
and polymer components in the HSE is provided by 'H —°Li
cross-polarization (CP) MAS measurements. In these experi-
ments, transfer of polarization occurs from protons (‘H), in
this case present in the polymer, to any °Li environment in its
close vicinity. This happens during a varying time interval
called the contact time, typically in the range of 100 #s—10 ms.
(Figure S2). For both the pristine HSE and that cycled
between enriched °LiFePO, and Li,Ti;O,,, the 'H —Li CP
MAS NMR spectra reveal only the Li environment at —0.75
ppm, which increases in intensity as the contact time increases,
as shown in the Supporting Information Figure S3a,b. This
process depends on the heteronuclear dipolar coupling
between 'H and °Li and thus is most efficient when these
species are in close proximity to each other. This indicates that
the observed °Li environment is in close spatial proximity to
the polymer phase of the HSE. In addition, as it only appears
in the presence of the LAGP phase, we conclude that it must
represent an environment close to the interface between the
LAGP and the polymer phase in the HSE. Interesting, the CP
intensity builds up less strongly for the cycled HSE
(Supporting Information Figure S3c), which may indicate
that locally the °Li ions are more mobile upon cycling, which
weakens the "H—°Li dipolar interaction, making the process
less efficient. On the basis of the °Li NMR analysis, we propose
that the Li-ion transport through the HSE for a significant part
takes place through the LAGP particles, as well as through the
interface environment located between the LAGP particles and
polymer matrix of the HSE.
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Figure 4 schematically shows the pathway of Li-ion transport
as proposed for previous HSEs******* and found for the
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Figure 4. Schematic representation of the Li-ion diffusion
pathways in PEO-based HSEs with (a) a small amount of
nanofillers,**® (b) a large fraction of solid electrolyte micro-
fillers,>*** and (c) a small fraction of micro-LAGP in the present
LAGP—-SN—-PEO HSE.

present HSE. Shown in Figure 4a, nanosized inorganic fillers
have been shown to suppresses the crystallization of PEO,
thereby enhancing the polymer segmental motion for ionic
conduction near room temperature. In this case, Li-ion
transport takes place along the polymer chain, near the
inorganic filler surface; hence, the latter is inactive with respect
to the Li-ion transport.”’”*” This strategy results in ionic
conductivities up to ~107° S cm™' at 30 °C, which is not
sufficient for room-temperature battery operation. Shown in
Figure 4b, in an HSE with a large amount of microsized
inorganic filler (50 wt %), Li-ion transport takes place through
the solid electrolyte filler, avoiding the polymer phase. In this
case, the solid electrolyte should form a percolating path-
way,52’53 which requires a large volume fraction of filler, and
the polymer phase is considered inactive with respect to the
conduction mechanism. The transport mechanism proposed
here is fundamentally different from previously demonstrated
mechanisms in HSE as it involves conductivity through the
LAGP particles, the polymer phase, and the interface between
these two phases. As shown in Figure 4c, we propose that the
interface environment between the SN—PEO—LiTFSI and the
LAGP facilitates the exchange, activating the conductivity
through the LAGP. This synergy is responsible for the high
ionic conductivity of 1.6 X 10™* S/cm obtained, even with the
relatively small fraction of LAGP present, and the resulting low
overpotential of 100 mV for a Li-metal symmetric cell.

To conclude, we have prepared an HSE comprising PEO,
SN, and Li salt as the polymer matrix and up to 10 wt % LAGP
as the inorganic filler. The processable and flexible solid
electrolyte provides a Li-ion conductivity of 1.73 X 10™* S/cm,
achieved with an advantageously small fraction of inorganic
solid electrolyte. The HSE demonstrates promising, stable,
room-temperature cycling of a LMB, utilizing LFP as the
cathode. Detailed investigation of the transport mechanism of
the HSE with ssNMR proves that LAGP contributes to the
conductivity, enabled by an interface with the polymer matrix
that allows facile exchange. This rationalizes the high Li-ion
conductivity and represents a fundamentally different transport
mechanism compared to known HSEs, where both phases
participate in the Li-ion transport. This in-tandem conductivity
concept appears to be a promising strategy toward the
challenges posed by solid-state LMBs and hence toward
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improving both the energy density and safety of reversible
energy storage in batteries.
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