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All-solid-state lithium secondary batteries based on oxide-type solid
electrolytes are considered as a potential alternative for high energy density batteries, however,
the high interfacial resistance between the electrodes and solid electrolyte has limited their real
application. In this project, an inorganic-organic hybrid material with polyethylene oxide chains
was synthesized and used as interfacial material between garnet-type solid electrolyte and
high-potential electrode. The main results of this research are summarized: (1) Hybrid material with

Li-ion conductivities of 10-5 S cm-1 at RT, the activation energy of around 0.5 eV, lithium-ion
transport number up to 0.4, and electrochemical windows up to 5V were obtained. (2) The interface
between solid electrolyte and lithium metal was improved using inorganic buffer layers. (3)
All-solid-state battery operated at room temperature using a current density of 5.5 uA cm-2 achieved

an initial discharge capacity of 60 mAh g-1.
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Rechargeable Li-ion batteries are powerful energy storage system with higher energy density and lower
self-discharge rate than other types of rechargeable batteries. Li-ion batteries using organic liquid
electrolytes and salts as source of lithium are successfully in various electronic devices that are part of our
daily life due to the high value of the energy content. However, energy storage possible for commercial Li-
ion batteriesis not high enough for the long-term and large-scale needs of society, for example, extended-
range hybrid or electric vehicles and smart grid technologies.

All-solid-state lithium batteries based on oxide-type solid electrolytes have attracted much attention as a
possible candidate to achieve these challenge applications. Among oxide-type solid electrolytes, the garnet-
type solid electrolytes (e.g. LizLasZr2O12, LLZ) have highest Li-ion conductivity at room temperature (~10
3-10* S/cm), high chemical stability against Li metal and wide potential windows with electrochemical
decomposition voltage of 4-6 V vs. elemental Li anode. The realization of these all-solid-state lithium
batteriesis achallenging goal that has actively been investigated during the last years. The major drawback
has been the difficulty in the formation of interfaces between electrodes and solid electrolyte because of
insufficient percolation between particles resulting in a high interfacial resistance and in other words, poor
lithium-ion and electronic conductivities. Table 1 summarizes some results obtained in this field focusing

on solid-solid interfaces and including the first report in 2010.

Tablel. All-solid-state lithium batteries based on LLZ (including doping) solid electrolytes using different

strategies for low interfacial electrode/electrolyte resistance

Year Cathode Process/ Temperature Capacity (mAh g?) REF
2010 LiCoO- Co-sintering 800 °C 0.015 !
2011 LiCoO- PLD - 125 2
2012 LiCoO; PLD - 130 s
2013 | LiCoO, Screen-printing 700°C | 85 4
2014 | LiCoO; Co-sintering 800°C | 78 5
2016 | TiSs PLD - 500 6
2018 | LiCoO; Screen-printing 700°C | 94 7

Kotubuki et al.! reported in 2010, the first all-solid-state battery using LiCoO, and lithium metal as
cathode and anode, respectively. Theinterface between LiCoO; and LLZ was performed by the co-sintering
process at 800 °C achieving 0.015 mAh g in theinitial discharge capacity. The reason for low discharge
capacity is associated with possible reactions at interface since the LiCoO, was deposited on the surface of
the solid electrolyte by in-situ reaction using a precursor solution. Later, Ohta et al. >> have studied the
deposition of LiCoO, by pulsed laser deposition (PLD) %3, screen-printing 4 (700 °C) and co-sintering (800
°C) ® processes achieving up to 130 mAh g?, 85 mAh gt and 78 mAh g in the first discharge capacity,
respectively. In the case of screen-printing and co-sintering processes, the use of sintering additive was
necessary to improve the particle percolation, working as inorganic ‘binder’. The use of LizBOs has been
used for this propose. The PDL process is rather effective to reduce the interfacial resistance since this
process can produce athin layer covering effectively the surface of the solid electrolyteincluding its defects

(grain boundaries). This has also been used to apply other active materials films such as TiSsé,



demonstrating the wide possibilities of LLZ in terms of the el ectrochemical window. From a scalable point
of view, the PDL deposition has limitations and therefore, process such as screen-printing and co-sintering
processes seems to be more attractive and realistic. In general terms, the screen-printing and co-sintering
processes achieve lower discharge capacities than the PLD process since unfavorable reactions at the
interface layer (e.g. formation of LaCoO,) are promoted by the heating at high temperatures. Moreover, the
heat treatment must be extended for several hours to reduce the presence of porosity and defects through
the composite electrode, and in the end, the presence of voidsis practically inevitable.

In this context, the present project aimed to new alternatives for the preparation of solid-solid interfaces
at low temperatures. In the previous and parallel period of this proposal, other aternatives based on liquid-
solid interfaces were also examined to prepare quasi-solid-state batteries based on LLZ solid electrolytes.
Conventional organic liquid electrolytes are dropped at the surface of solid electrolyte or cathode/anode
electrode layer to dramatically reduce the interfacial resistance. However, the use of these liquid-solid
interfaces can suffer from the limitation of liquid electrolyte properties in terms of decomposition at high

temperature (safety issues) and low current density operation.

The main objective of the research proposal was to design electrolyte/electrode interfaces with low
resistance and obtained at low temperatures below 150 °C. Thus, the interface material was based on lithium
ion conducive organic-inorganic hybrid solid electrolytes. The Figure 1 illustrate the general idea of this
interface alternative. The poor contact between composite cathode and solid electrolyte is expected to be
improved by the addition of hybrid material. The hybrid material contains an inorganic part (Si-O-Si
network) to create an effective bonding with the electrode, while an organic part (polyethylene oxide, PEO,
chains) was expected to enhance the ionic conduction paths. The liquid precursor of the hybrid electrolyte

can easily wet the particles of electrode material and, after solidification, the formed hybrid electrolyte
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therefore, improving the

cyclelife of the battery.

The research was conducted in three different phases:

(1) Preparation of hybrid material and evaluation of its electrochemical properties (60 %) including the
chemical compatibility with cathode materials



(2) Study of LLZ/Li interface (15%)

(3) Preparation of LLZ/electrode using hybrid material and all-solid-state batteries. Formulation of
different methods to apply composite electrode containing hybrid material and electrode (25%)

The hybrid material was prepared by liquid phase process and parameters of the synthesis were eval uated

as afunction of their electrochemical properties:
- Molar ratio of theinorganic, organic and hybrid precursors
- Effect of lithium source and concentration
- Heat treatment to consolidate hybrid material structure

The reactions of polymerization and polycondensation were studied to optimize the properties of the
hybrid material to achieve high crosslinked structures. The electrochemical properties of the hybrid
materials included ionic conductivity, electrochemical windows (up to 5V), and lithium ion transport
numbers. Then, dlurries containing hybrid material and active material were prepared to evaluate possible

reactions during the further deposition in the all-solid-state battery.

The study of the LLZ/Li interface was necessary to understand the implications in the further
construction of the all-solid-state battery. Organic interfacial buffer layers using ionic liquids and gel

polymers were evaluated, and inorganic interfacial buffer layer were proposed for the first time.

Finally, the preparation of LLZ/electrode interface using hybrid material included the study and
optimization of the weight ratio between active material and electrode. Electrochemical properties and
battery test were evaluated. Then, different process to prepare composite electrode and apply it on surface

of solid electrolyte was eval uated.
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Fig.3 Charge—discharge curve of all-solid-state battery.

by high magnification observation.



(3) Li-ion conductivities of 10° — 10 S cmr! at room temperature, activation energy of around 0.5 eV
(Figure 2), lithiumion transport number up to 0.4 and el ectrochemical windows up to 5V were obtained.
Li* cation-polyether interactions are responsible of ionic conductivity in these materials, cations are
solvated by ether oxygen’s, moving by hopping into vacant donor sites. Improvement of lithium

conductivity was observed by decreasing the amount of GPTM S precursor

(4) High content of lithium lead to the drop of the conductivity (0.4 - 0.7 mol Li), since the formation of
ion and anion interactions avoids the formation of complexes between ether oxygen’s and lithium,
which reducesthe overall mobility and the number of effective charge carriers. Optimal lithium content

of around 0.3 mol was determined.

(5) Lithium silicate amorphous layer was used to reduce the interfacial resistance with lithium metal (N.C.
Rosero-Navarro et al., ACS Applied Energy Materials 2020, 3, 6, 5533). The improved LLZ/Li using
inorganic layer was performed without melt the lithium metal. The same buffer layer was also examined
in the LLZ/cathode using lithium nickel cobalt manganese oxide (G. V. Alexander, N.C. Rosero-
Navarro et a., Journal of Materials Chemistry A, 6, 2018, 21018). In this last case, the all-solid-state

battery was operated at 100 °C.

(6) The preparation of an all-solid-state battery using the hybrid material in the LLZ/electrode interfaceis
schematically illustrated in the inset of Figure 3. The lithium silicate layer was used as an interface
layer for anode lithium metal side and this was also used in the cathode side as a protective layer. Then,
the composite electrode sheet was applied on the modified surface of solid electrolyte. The al-solid-
state battery was operated at room temperature using a current density of 5.5 pA cm™ achieving an

initial discharge capacity of 60 mAh g™

The perspective in this area should include the optimization of the method for the deposition of the hybrid
composite electrode and the effect of solid electrolyte composition to achieve synergic properties with the
hybrid material. The use of interfacial layers as LLZ/Li anode side seems to be promising since it does not

reguire the lithium melting to produce low resistance interfaces.
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