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Carbon-free high-performance cathode for solid-state

Li-O; battery
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Gabin Yoon', Jung O. Park', Dong-Hwa Seo*, Sang Bok Ma'*, Dongmin Im'

The development of a cathode for solid-state lithium-oxygen batteries has been hindered in practice by a low
capacity and limited cycle life despite their potential for high energy density. Here, a previously unexplored strategy
is proposed wherein the cathode delivers a specific capacity of 200 milliampere hour per gram over 665 discharge/
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charge cycles, while existing cathodes achieve only ~50 milliampere hour per gram and ~100 cycles. A highly
conductive ruthenium-based composite is designed as a carbon-free cathode by first-principles calculations to
avoid the degradation associated with carbonaceous materials, implying an improvement in stability during the
electrochemical cycling. In addition, water vapor is added into the main oxygen gas as an additive to change the
discharge product from growth-restricted lithium peroxide to easily grown lithium hydroxide, resulting in a notable
increase in capacity. Thus, the proposed strategy is effective for developing reversible solid-state lithium-oxygen

batteries with high energy density.

INTRODUCTION

Li-O, batteries are promising candidates as next-generation energy stor-
age systems, because their theoretical specific energy (~3458 Wh/kg)
is much higher than that of current Li-ion batteries (1-6). However,
the currently available aprotic Li-O, batteries typically show limited
cyclability because of the decomposition of the organic electrolytes
by the highly oxidative radicals formed at the cathode (7-14). To
solve this problem, solid-state cathodes composed of stable ce-
ramic electrolytes instead of organic ones have been developed re-
cently (15-18). In general, these cathodes provide a capacity, as they
result in the formation of Li,O; as the discharge product through
an electrochemical reaction among the Li" ions, electrons, and O,
gas. However, the growth of Li,O, particles within the solid-state
cathode is limited (<50 nm in thickness) because of the poor elec-
tron/ion transport in Li;O, and the absence of a liquid medium for
Li,O, growth (19, 20). Therefore, the capacity of Li,O,-based Li-O,
batteries with a solid-state cathode is inevitably limited. One way
to overcome the capacity limitation resulting from the restricted
growth of Li,O; particles within the solid-state cathode is to provide
conditions conducive to the growth of the discharge product. It is
known that LiOH can grow via strong O, intermediate solvation
by water with a high acceptor number in a water-containing envi-
ronment (21-28). Thus, the addition of water vapor to the O, gas
used in solid-state batteries could effectively provide water to the
cathode to change the discharge product from growth-restricted
Li,O; to easily grown LiOH, as depicted in Fig. 1. It can be speculated
that the water vapor would play three important roles on the per-
formance of Li-O, battery. The first role of the water vapor is to
increase the capacity. Because a larger amount of the growable dis-
charge product (LiOH) could be accommodated on the surface of
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the cathode and within its pores, a capacity higher than that of con-
ventional Li,O,-based batteries could be achieved. The second is to
raise the discharge voltage. The water vapor could induce the elec-
trochemical formation of LIOH at 3.4 V (versus Li/Li"), while Li,O,
was formed at 2.96 V in the absence of water vapor. The third is to
enhance the kinetics. The discharge product of LIOH could actasa Li"
ion conductor in the solid-state cathode when it is hydrated, implying
an improvement in rate capability. Therefore, it is expected that a
remarkable enhancement in energy density of solid-state Li-O, batteries
would be achieved by the water vapor addition. In addition, the de-
composable carbonaceous materials are completely excluded from the
cathode, which can improve long-term cycling stability of the cell.

In this study, we first report an effective strategy to simultane-
ously improve the capacity and reversibility of the solid-state Li-O,
battery by introducing the carbon-free ceramic cathode material
and LiOH-based reaction chemistry. A both electronic and ionic
conducting ruthenium-based composite (RBC) was designed as a
solid-state cathode to eliminate the parasitic chemistry of conducting
carbons. In addition, LiOH-based reaction chemistry was induced by
the addition of water vapor to deliver a high capacity. The formation
and growth of LiOH as a discharge product via the water vapor-
assisted cathode reaction were confirmed through electrochemical
and structural analyses of the cathode, including O K-edge x-ray
absorption near-edge structure (XANES) measurements. A solid-state
Li-O; cell with an RBC cathode in humidified O, with 4 weight % (wt %)
water vapor showed a specific capacity of 200 mA-hour/gcathode (gram
based on the total weight of the RBC cathode) over 665 discharge-
charge cycles. This approach provides novel insights into the devel-
opment of efficient ceramic-based solid-state cathodes for practical
Li-O; battery.

RESULTS AND DISCUSSION

Design and synthesis of RBC material

An RBC containing Ru(IV) ions was developed for use as a cathode
material for solid-state Li-O, batteries by combining RuO; (electron-
conducting catalyst) and La,LiRuOg_5 (Li-containing catalyst) owing
to the high conductivities and electrocatalytic activities of these
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Fig. 1. Schematic illustration of proposed solid-state Li-O, battery. Discharge
behavior of solid-state Li-O, cell with RBC cathode during operation in dry and
humidified O, atmosphere with added water vapor.

components for LIOH-based reaction chemistries. RuO, is a known
electronic conductor with a narrow bandgap (Fig. 2A) and is a
catalyst for oxygen redox reactions (29-32). The perovskite
La,LiRu(IV)Oe.s also has narrow bandgap (Fig. 2B), implying high
electronic conductivity, which is mainly attributed to the reduced
Ru ions with the oxygen vacancy (fig. S1, A and B). In addition, the
Ru ions in the perovskite can act as catalytic centers for the oxygen
redox reaction (33, 34). As shown in Fig. 2C, on the basis of Rietveld
refinement, the x-ray diffraction (XRD) peaks of the synthesized RBC
were indexed to a tetragonal RuO, structure (space group: P4,/mnm,
a=>b=4493and ¢ = 3.106 A) (35) and a monoclinic perovskite
La,LiRuQg structure (space group: P2,/c, a = 5.554, b = 5.620,
c=9.618 A, and B = 125.25°) (36). These results confirmed that the
RBC was synthesized successfully. To evaluate the oxidation state of
Ru in the RBC, we measured the normalized Ru K-edge XANES
spectra (Fig. 2D). The main absorption edge energy for the purely
dipole-allowed 1s—5p transition (37) was similar for RBC and
RuO,, indicating that they had the same average oxidation state of
+4.0. This implies that La,LiRuQOg.5 in RBC also consists of Ru(IV)
ions. This result is consistent with the design strategy for develop-
ing an RBC containing Ru(IV) ions to increase the conductivity.
Morphological and elemental analyses of the RBC nanoparticles
were performed using high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM), as shown in
Fig. 2E. The primary particle size of the RBC is approximately 20 to
100 nm, and the agglomerated particle became about 100 to 300 nm
in size. The surface area by the Brunauer-Emmett-Teller analysis
was 10.2 m?/g. The elemental maps for the RBC nanoparticles
showed that Ru atoms were distributed homogeneously within both
RuO; and La,LiRuOg_s nanocrystals in the expected atomic ratios
(table S1). The uniform distribution of Ru atoms could enhance the
catalytic effect in a Li-O; battery. The electronic and Li*-ion con-
ductivities of the RBC were measured by the dc method using ion-
and electron-blocking cells, respectively (38-39). The measured
electronic and Li*-ion conductivities of the RBC pellets were
2.4 x 107 and 5.1 x 107° S/cm, respectively (fig. S2). These values
are reasonable and indicated that the RBC is suitable for use as a
substrate for the formation of the discharge product in Li-O, batter-
ies. The electrochemical stability of the RBC was also investigated
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through cyclic voltammetry (CV) in an organic electrolyte, 1 M lithium
bis(trifluoromethylsulfonyl)imide in propylene carbonate (LiTFSI
in PC), as shown in Fig. 2F. No distinct redox current peak was
observed in the CV curve, implying that the RBC was electrochem-
ically stable within the voltage window of 2.2 to 4.5 V (versus Li/Li").
This is consistent with the CV result of the solid-state Li-O, cell using
the RBC cathode in Ar atmosphere, which showed only the current
from the Ti*"/Ti’* redox in LATP (LijsxsyALTi>-,Si,P3-,015) was
observed under ~2.5 V (fig. S3). Thus, on the basis of the observed
conductivity and stability of the RBC, it was concluded that it is suit-
able for use as a cathode material.

Water vapor-assisted cathode reaction

A Li-O; cell (~3 cm by 3 cm) with an RBC cathode was fabricated
using a pouch-type Li-protective anode to protect the Li metal from
moisture, as depicted in fig. S4. The porous RBC cathode layer
(thickness of t = 2 um and diameter of d = 8 mm) on a ceramic elec-
trolyte layer (LATP; ¢ = 250 um, 2.5 cm by 2.5 cm; OHARA Inc.)
was prepared by the sintering process at 400°C with a porosity of
~40% to provide the gas diffusion path and to accommodate the
discharge product (fig. S5). The RBC cathode-attached LATP layer,
the electrolyte (1 M LiTFSI in PC) with a polymer separator (t =
25 um, 2.8 cm by 2.8 cm) as an interlayer, and a piece of Li metal foil
(t =175 um, 2.4 cm by 2.4 cm) were vacuum-sealed using thermo-
plastic sealing film while leaving a 16-mm-diameter window. The
cell was tested in a humidified O, generated by adding 4 wt % water
vapor to pure O, gas. To elucidate the effect of the added water va-
por, we performed CV measurements with the cathode in an O,
atmosphere with/without water vapor for voltages of 2.2 to 4.5 V
(versus Li/Li") at 40°C with a scan rate of 0.5 mV/s. As shown in
Fig. 3A, no redox feature was observed in dry O,, because the
rate-controlling step for the reduction of O, (O, + ¢~ — O;") was
hindered by the high kinetics barrier of the solid-state cathode (40).
The small reduction and oxidation peaks around ~2.5 and ~3.7 V
were observed in the CV of the cell in dry O, at a lower scan rate of
0.05 mV/s at 60°C, which implies that the oxygen redox in the solid-
state cathode could hardly occur at the solid-gas interphase (fig.
S6). In contrast, distinct redox peaks were observed at approximate-
ly 3.0 V (reduction) and 3.5 V (oxidation) in humidified O,, indi-
cating that the cathode reaction was activated within the cathode by
the water vapor. The higher onset potential of ~3.4 V for reduction
in humidified O, compared to that in dry O, at lower scan rate of
0.05 mV/s also supports that the discharge reaction was changed to
a different reaction from the Li;O, formation by the water vapor
(fig. S7).

Figure 3B shows the typical discharge-charge profiles of the Li-
O, cell at a constant current density of 10 mA/gcathode- The profiles
were measured in humidified O, at 40°C. The measured discharge
voltage plateau (~3.0 V) in the presence of water vapor was higher
than the practical voltage for Li,O, formation (E0 =2.96 V versus
Li/Li") in an aprotic Li-O; battery. This may be attributed to the
H,0-assisted oxygen reduction reaction producing LiOH (E° = 3.4
V versus Li/Li") as the discharge product. To clarify the effect of
water vapor, the Li-O; cell using RBC cathode was discharged/
charged in dry O, first and stopped after the charge and then dis-
charged in humidified O, with 4 wt % water vapor. As shown in the
fig. S8, the cell in dry O, was discharged with a voltage plateau of
~2.5V for the formation of Li,O,. During charging, the charging
voltage lastly reached to 4.5 V at the end of the charge. After adding
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Fig. 2. Design of RBC cathode. Computed density of states (DOS) for (A) RuO; and (B) La,LiRuOs s. f.u., formula unit. (C) Observed (dots) and simulated (lines) XRD patterns
for synthesized RBC. Residuals and peak positions (I) appear below the data. a.u., arbitrary units. (D) Ru K-edge XANES spectra of RBC and reference oxides. (E) HAADF-STEM
images and corresponding elemental maps for Ru and La. (F) CV profile of RBC cathode measured in 1 M LiTFSI in PC.

4 wt % water vapor, the cell was discharged at ~3.1 V, implying that
the water vapor changed the primary reaction pathway to the direct
electrochemical formation of LiOH instead of Li;O,. The higher
discharge voltage in humidified O, was confirmed by the galvanos-
tatic intermittent titration technique (GITT) during discharge of
the Li-O, cell. For comparison, a Li-O, cell with a liquid organic
electrolyte, 1 M LiTFSI in tetraethylene glycol dimethyl ether, which
was free of water vapor, was also measured (Fig. 3C). The Li-O; cells
were discharged at a constant current density of 10 mA/gcathode for
1 hour; this was followed by resting for 5 hours. The voltage of the
relaxed cell with the liquid electrolyte was ~2.9 V and close to the
typical voltage for Li,O, formation in aprotic Li-O; batteries. The
cell voltage increased to ~3.4 V for the Li-O, cell in humidified O,,
implying that the added water vapor changed the primary reaction
pathway such that LIOH was the preferred discharge product instead
of Li,O,. Moreover, despite being a solid-state cell, it showed a low
overpotential of ~0.6 V during charging in humidified O, (Fig. 3B).

Kim et al., Sci. Adv. 8, eabm8584 (2022) 8 April 2022

An increase in the discharge voltage and decrease in the charge
voltage increases the energy efficiency of the cell. From the
discharge-charge profile of the cell, its calculated energy efficiency
was 81.4%, which is much higher than those reported previously
for Li,O,-based solid-state Li-O, batteries free of water vapor
(15-17). In addition, the Ru-based catalysis of the LIOH-based re-
action chemistries at the RBC cathode, along with the presence of
water, probably reduced the overpotential during discharge-charge
of the cell.

In addition, the Li-O; cell containing water vapor had enhanced
rate performance (Fig. 3D). During these measurements, the cell was
discharged/charged at current densities of 10 to 100 mA/gcathodes
with a cutoff capacity of 100 mA-hour/gcthode. In solid-state Li-
O; batteries, charge transport is limited by the propagation of Li"
ions through the discharge product, especially at the cathode-particle
surfaces. Under humid conditions, the LiOH acts as a Li*-ion con-
ductor. This decreases the resistance to Li*-ion conduction at the
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Fig. 3. Electrochemical characterizations of Li-O, cell with water vapor. (A) CV profiles of Li-O, cells with RBC cathode operated in dry O, without water vapor and
humidified O, with 4 wt % water vapor. (B) Discharge-charge profiles of Li-O, cell in humidified O,. (C) Comparison of galvanostatic intermittent titration technique (GITT)
results to Li-O, cell tested in liquid electrolyte without water vapor. (D) Rate capability of Li-O, cell with RBC cathode in humidified O,.

solid-solid interfaces between cathode particles, resulting in a high-
er rate capability of the cell. The enhanced electrochemical behavior
of the Li-O; cell is attributed to improved reaction kinetics and an
increase in the amount of reaction sites within the cathode in the
presence of water vapor.

From the above results, it is concluded that the humidity plays
three important roles on the performance of solid-state Li-O, bat-
tery. The first role of the humidity is to increase the capacity. The
easily grown LiOH can be formed with the humidified O,, while the
growth-restricted Li, O is deposited in dry O,. This is a meaningful
advance for a solid-state Li-O, cathode, compared with a smaller
discharge capacity in dry O,. The second is to raise the discharge
voltage. The water vapor can induce the electrochemical LiOH for-
mation at 3.4 V. This is obviously higher than the Li,O, formation
voltage of 2.96 V. Thus, a positive change in energy density should
be remarkable because of a voltage jump with a capacity increase by
the water vapor addition. The third is to enhance the kinetics. Once
the discharge product of LiOH can absorb the water vapor, it be-
comes a hydrated LiOH and acts as a Li*-ion conductor in the solid-
state cathode.

Reversibility of the cathode reaction

Structural and compositional analyses of the cathode are essential
for understanding its reaction chemistry during operation. The dif-
ferential electrochemical mass spectrometry is known as an effec-
tive way to investigate the chargeability of LiOH in the Li-O, cells.
The direct observation of the O, evolution during the charge of
LiOH was reported in previous papers (27, 28). However, in case of

Kim et al., Sci. Adv. 8, eabm8584 (2022) 8 April 2022

the humidified Li-O; cell, it is very difficult to measure the O, evo-
lution due to the water contamination of the gas chromatography
and mass spectrometry instruments. Instead, soft x-ray absorption
spectroscopy (sXAS), scanning electron microscopy (SEM), and XRD
analysis were selected, as they could also provide the intuitive infor-
mation on the chargeability of LIOH.

When the amount of discharge product formed on the cathode
is small, e.g., at the early stage of discharge, it is difficult to detect the
discharge product from the spectroscopy owing to the high intensity
of cathode and electrolyte materials. To investigate the water vapor-
assisted cathode reaction, we performed sXAS due to its high ele-
mental and chemical sensitivity. Figure 4A shows the partial electron
yield (PEY) spectra as obtained from O K-edge XANES measure-
ments of the cathodes prepared at different stages of the discharge-
charge processes. The data correspond to the points shown in the
discharge-charge profile in Fig. 3B. In the near-surface (5 to 10 nm)
PEY spectra of the cathode, an absorption feature related to LiOH
was observed even at point D2 (after the cathode had been dis-
charged for 2 hours at a current density of 10 mA/gcathode). This
suggests that the cathode reaction of the Li-O; cell operated in hu-
midified O, changed to a LiOH-based reaction in the presence of
water. In contrast, when the cell was charged (C2 to C10) immedi-
ately after being discharged, the intensity of the absorption peak at
~533 eV decreased, and the peak eventually disappeared at the end
of the charging process (C10), indicating the complete removal of
LiOH from the cathode surface. The appearance and disappearance
of peaks related to LiOH confirmed the reversible formation and
decomposition of LIOH on the cathode.
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Figure 4B shows XRD patterns of the cathode in different states
(pristine, discharged, and recharged at an areal capacity of 1 mA-hour/
cm?). In the discharged state, the cathode showed diffraction peaks
at 20 of 21.4°, 30.1°, 33.6°, and 36.9°. These were assigned to LiOH
monohydrate (LiOH-H,0), again confirming that LIOH was formed
instead of Li,O,, which was converted to the hydrated form in the
presence of water vapor. Furthermore, a Fourier transform infrared
(FTIR) spectrum of the discharged cathode contained a sharp peak
related to the —OH stretching mode at 3560 cm™" (fig. $9). This
peak was attributed to LIOH-H,O, which shows broad absorbance
at 2500 to 3200 cm ™" due to the hydrogen-bonded LiOH hydroxyl
groups or the structural water molecules present within LiOH (41).
On the basis of these results for the Li-O, cell in humidified O,, it
can be concluded that LiOH-based cathode reactions occurred, and
the discharge product was evidently LiOH. After charging, the XRD
peaks of LIOH-H,O disappeared completely, indicating that the wa-
ter vapor-assisted cathode reaction is highly reversible, even in an
all-solid-state ceramic cathode without any organic components.

Kim et al., Sci. Adv. 8, eabm8584 (2022) 8 April 2022

The morphology of the cathode in the pristine, discharged, and
recharged states was also analyzed using SEM to determine the dis-
tribution of the discharge product and further confirm the high re-
versibility of the cathode reaction. The pristine cathode formed on
an LATP layer had a porous morphology, which provided a large
number of cavities for growth of the discharge product (Fig. 4C).
During discharge (Fig. 4D and fig. S10), the discharge product of
LiOH grew on the surfaces of the RBC nanoparticles and filled the
cathode pores. The distribution of the discharge product in the
cathode changed notably in the presence of water vapor. In dry
0,, the growth-restricted discharge product (mainly Li,O,) was formed
only at the surface of the cathode structure (fig. S11), which is con-
sistent with previous reports (15, 17). In contrast, when water vapor
was introduced, the discharge product was formed in all cathode pores.
After the subsequent recharging process, the discharge product dis-
appeared, and empty pores were observed (Fig. 4E). The formation
and decomposition of the discharge product in the humidified O,
atmosphere was also confirmed by top-view SEM (Fig. 4, F to H).
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Long-term cycling of Li-O; cell with water vapor

To evaluate the cycling performance of solid-state Li-O; cell with an
RBC cathode, we cycled the cells with different discharge depths. The
Li-O, cells showed highly reversible discharge/charge behaviors at
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Fig. 5. Cycling performance of cell with water vapor. (A) Typical discharge-charge profiles of solid-state Li-O, cells in humidified O, cycled with cutoff capacities of 100,
150, and 200 mA-hour/gcathode- The corresponding energy efficiencies are shown as insets. (B) Long-term discharge-charge profiles of cell with 200 mA-hour/gcathode for
representative cycle numbers. (C) Coulombic and energy efficiencies of the cells with the different cutoff capacities. (D) Comparison of cycling performances of solid-state
Li-O; cell in humidified O, and previously reported batteries. Specific capacities of reference cells were recalculated on the basis of the total weight of the cathode (porous
electrolyte framework + conductive coating layer). LLTO, lithium lanthanum titanium oxide. (E) Discharge/charge profiles of cells with 150 mA-hour/gcathode Operated in
ambient air with 70 or 55% RH. (F) Coulombic and energy efficiencies of the cell operated in air with 70% RH. (G) FTIR spectra of cathodes after discharging in humidified
0O, and air with 70% RH. The reference spectra for LiOH-H,0 and Li,COs are also shown.
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200 mA-hour/gcathode for representative cycle numbers are shown in
Fig. 5B. As discharging/charging proceeded, the initial capacity of
the cell remained stable at 200 mA-hour/gc,tode for 665 cycles with
a discharge voltage plateau of ~3.1 V, implying that LiOH forma-
tion consistently occurred during long-term cycling. The average
voltage for charging remained lower than 4.3 V during cycling, in-
dicating that the cathode has outstanding stability and catalytic ac-
tivity. The x-ray photoelectron spectroscopy analysis of the RBC
cathodes before and after cycling also shows that Ru 3d peaks bare-
ly changed after long-term cycling, which implies that the oxidation
state of Ru(IV) ions almost maintained during the electrochemical
cycling (fig. S12). The cells with specific capacities of 100, 150, and
200 mA-hour/gcathode Showed excellent cycling performances up to
984, 807, and 665 cycles, respectively (Fig. 5C). Because of the in-
crease in the discharge voltage and stable charging behavior com-
pared to a typical Li;O,-based cathode reaction, all cells had high
energy efficiencies (average of 75%) during long-term cycling. Note
that the stability of the solid electrolyte is a key index for stable long-
term cycling performance of the solid-state Li-O, cell. The cell fail-
ure also could be attributed to the intrinsic instability of the LATP
electrolyte layer during electrochemical cycling under humidified
and alkaline condition (fig. S13). Further studies are currently un-
derway to develop more stable solid electrolyte to protect LATP un-
der alkaline condition.

Several studies have investigated solid-state Li-O, batteries with
cathodes composed of an oxide-based solid electrolyte and a con-
ductive carbon material (Fig. 5D). For example, a carbon-coated
porous LATP cathode had a capacity of 1000 mA-hour/g for 100 cy-
cles based on the weight of the carbon present (15). However, in
terms of the weight of the entire cathode, including both the porous
LATP framework and the carbon material, the capacity was only
~41 mA-hour/gc,mode- Note that the specific capacity of 200 mA-hour/
Zcathode Observed during the cycling tests in this study is based on the
total weight of the RBC cathode (table S2). Because the reaction ki-
netics and cycling stability of the cell improved in the presence of
water vapor, this cell could be operated even in ambient air contain-
ing moisture. Figure 5E shows the discharge/charge profiles of
Li-air cell in air with 70 or 55% relative humidity (RH), which are
realistic ranges of average humidity throughout the year. When
cycling at a cutoff capacity of 150 mA-hour/gc,hode> the discharge
voltage dropped to ~2.7 V in both cases, which is attributed to the
low partial pressure of O, (0.21 atm) in air and a low amount of
water vapor participating in the discharge reaction (42). The low
discharge voltage resulted in the cell operated in air having a lower
energy efficiency (~65%) than that in humidified O, atmosphere
(Fig. 5F). The charge voltage was ~4.2 V in the early stage, while it
increased to 4.5 V (cutoff voltage of charging) as the cycling pro-
gressed, leading to poor reversibility and Coulombic efficiency of
the cell. This may be due to the formation of Li,CO3; by CO; in air.
Figure 5G shows FTIR analysis of cathodes after discharging in hu-
midified O, and air with 70% RH compared with reference dis-
charge products in the form of powders. In addition to LiOH
formation (fig. S14), the formation of Li,COj; was clearly confirmed
by peaks related to C—O stretching vibrations at 1470 and 1410 (vs,
asymmetric), 1085 (v;), and 860 cm™! (v,) of carbonate in the cath-
ode discharged in air with 70% RH. In humidified air, LiOH reacted
with CO; easily, resulting in the formation of Li,CO3, which did not
decompose readily during charging (43-45). To promote the re-
versible cathode reaction based on LiOH, it is necessary to limit the

Kim et al., Sci. Adv. 8, eabm8584 (2022) 8 April 2022

CO; content in the air supplied to the cell. However, it is more via-
ble in practice to eliminate and suppress the formation of Li;COs,
which should be investigated further to achieve practical Li-air cells
with high reversibility that can be used in ambient air.

From a materials perspective, the RBC used here is a model air
cathode material for enhancing the reversibility of LiOH-based
cathode reactions. As all pores in the RBC cathode can accommo-
date the discharge product, increasing the cathode porosity would
directly increase its capacity (fig. S15). For example, a cathode with
a porosity of 80% can deliver a capacity of 1000 mA-hour/g based
on the total weight of the cathode. This is at least four times higher
than the actual capacity of the conventional cathodes used in Li-ion
batteries. Meanwhile, the design of an interlayer between Li metal
anode and solid electrolyte layer is another challenging issue to
demonstrate the all-solid-state Li-O, battery. The all-solid-state Li-
O, cell using solid polymer electrolyte {polyethylene oxide (PEO)
[weight-average molecular weight (M,,) = 600,000], with 1 M LiTF-
SI} with a cell configuration of RBC/LATP/PEO/Li was successfully
fabricated (fig. S16). Although it showed good discharge/charge
behavior and cyclability, the overpotential and long-term stability
should be considered further. Related studies on highly porous
cathode and sustainable Li metal anode are currently underway
with the aim of developing all-solid-state batteries that can deliver
more energy.

In summary, we have demonstrated that water vapor additive
changes the discharge product from growth-restricted Li,O, to eas-
ily grown LiOH for a solid-state Li-O; cell, resulting in a notable
increase in capacity. The RBC ceramic cathode with only 4 wt %
water vapor delivers a specific capacity of 200 mA-hour/g up to 665
cycles, indicating a high reversibility. In addition, the water vapor
increased the discharge voltage owing to the formation of LiOH at
3.4 V; in contrast, Li,O, is formed at 2.96 V in the absence of the
additive. The proposed strategy of water vapor additive is inexpen-
sive and simple and thus can be easily applied to the most of sol-
id-state Li-O; cells, which require the high capacity, high efficiency,
and high energy density. This can further make the solid-state Li-O,
technology more competitive in the battery market.

MATERIALS AND METHODS

Synthesis of RBC material

The RuO; (99.9%), La,03 (99.99%), and Li,COj; (99.9%) reagents
were obtained commercially (Sigma-Aldrich, Merck) and used as
received. The reagents were ball milled in a zirconia jar with ethanol
in a target volume ratio of RuO,:La,LiRuQOg = 2:3. The powder mix-
ture was then calcined at 800°C for 4 hours in air. Then, the calcined
powder was ground and pressed into pellets with a diameter of
13 mm and a thickness of approximately | mm. These pellets were
fired at 1200°C for 24 hours in air and cooled to room temperature.
To prepare the RBC cathode thin film, the pellets were again ball
milled using a planetary mill to reduce the particle size distribution.

Material characterization

The crystal structures of the synthesized RBC and cycled electrodes
were characterized using XRD (Bruker D8 ADVANCE; Cu Ko ra-
diation, A = 1.5406 A) at a scan rate of 6°/min over a 20 range of 10°
to 90°. Ru K-edge XAS and O K-edge XAS were performed at beam-
lines 7-BM and 7-ID-1, respectively, of the National Synchrotron
Light Source II in Brookhaven National Laboratory. Elemental
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maps for Ru and La atoms in RBC cathode were obtained using
HAADEF-STEM (FEI Tecnai Osiris) at a 200-kV acceleration voltage.
The FTIR spectra of discharged cathodes and reference powders were
obtained using an FTIR microscope (Hyperion 3000, Bruker). For
the morphological analyses of the RBC cathode and discharge prod-
ucts, a field-emission SEM system (Nova NanoSEM, FEI) was used.

Conductivity measurements

The Li-ion conductivity of the RBC at room temperature was deter-
mined by the dc polarization of an electron-blocking cell at 20°C. A
porous separator (Celgard 3501) for absorbing the electrolyte (1 M
LiTFSI in PC) was attached on each side of the RBC pellet (with a
diameter of 13 mm and a thickness of 1 mm). In addition, a piece of Li
metal foil was attached to each side. A constant potential of 100 mV
was applied to the electron-blocking cell for 1800 s until the current
became independent of time. The total Li-ion conductivity was cal-
culated, while the cell was in the steady state. In addition, the elec-
tronic conductivity of the RBC at 20°C was determined from the
current-voltage curve of an ion-blocking cell with Au electrodes.

Li-O, cell tests

A freestanding cathode film was fabricated by the bar-coating process
using a dispersion composed of the RBC powder and a binder (Butvar
B-79, Eastman) in a weight ratio of 2:1 in ethanol. RBC cathodes with
mass loading rates of 0.2 to 0.5 mg were used for the electrochemical
analysis and long-term cycling test. A dried cathode film was
punched to the desired size and attached to an LATP plate. This was
followed by calcination at 400°C to remove the polymeric binder. A
pouch-type Li metal anode was fabricated to protect the Li metal
from moisture during operation in the humidified atmosphere. The
cathode/LATP plate, the electrolyte (1 M LiTFSI in PC) with a poly-
mer separator as an interlayer, and a piece of Li metal foil (175 um;
Honjo) were vacuum-sealed using thermoplastic sealing film (Meltonix
1170-25, Solaronix) while leaving a 16-mm-diameter window. The thus
assembled Li-O, cell was operated in a stainless steel chamber with
a vial containing a small amount of water at 40°C; before this step,
purging was performed using pure O,. This ensured that the atmo-
sphere contained 4 wt % water vapor, as calculated by dividing the
saturated water vapor content by the total amount of water vapor and
O, in the chamber at 40°C. The CV measurements were performed
using a potentiostat (VMP3, Bio-Logic Science Instruments) for volt-
ages of 2.2 to 4.5 V (versus Li/Li") at a scan rate of 0.5 mV/s in dry and
humidified O,. The galvanostatic discharge-charge tests were con-
ducted using a battery test system (TOSCAT, TOYO SYSTEM) for the
same voltage range at different current densities in either humidified
0, (100% RH at 40°C) or ambient air (70 or 55% RH at 40°C).

First-principles calculations

First-principles calculations were performed with the Perdew-Burke-
Ernzerhof exchange-correlation functional using the spin-polarized
generalized gradient approximation (GGA) functional (46). The projector-
augmented wave pseudo-potentials were used as implemented in the
Vienna Ab initio Simulation Package (47). A Hubbard-type U pa-
rameter (GGA + U) (48) was added to correct the on-site Coulomb
interactions, with U[Ru] = 4.0 eV (49) and U[La] = 7.5 eV (50).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8584
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