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The cathode of a lithium—-oxygen battery (LOB) should be well designed to deliver high
catalytic activity and long stability, and to provide sufficient space for accommodating
the discharge product. Herein, a facile coprecipitation approach is employed to
synthesize LaNigsCog503s (LNCO) perovskite oxide with a low annealing temperature.
The assembled LOB exhibits superior electrochemical performance with a low charge
overpotential of 0.03-0.05 V in the current density range of 0.1-0.5 mA cm™2. The
battery ran stably for 119 cycles at a high coulombic efficiency. The superior
performance is ascribed to (i) the high catalytic activity of LNCO towards oxygen
reduction/evolution reactions; (ii) the increased temperature enabling fast kinetics; and
(iii) the LINO3—KNO3z molten salt enhancing the stability of the LOB operating at high
temperature.

Introduction

Highly efficient and environmentally benign energy storage technologies are
attractive because of the ever-growing energy demand.” Lithium-ion batteries
(LIBs) have played a significant role in mobile phone, portable electronic device,
and electric vehicle propulsion markets.®* However, the energy density of LIBs is
not high enough due to the nature of the intercalation chemistry. Therefore,
tremendous efforts have been devoted to new energy storage technologies, e.g.,
redox flow batteries, Li-S batteries, and metal-air batteries.*® As typical metal-air
batteries, rechargeable lithium-oxygen batteries (LOBs) have generated great
interest since Ogasawara et al.” demonstrated the reversible decomposition of
Li,O, in a LOB in 2006. A LOB is composed of a Li metal anode, a lithium-
conducting separator, an electrolyte, and a porous catalytic cathode.®? Compared
to LOBs with an organic electrolyte, LOBs with an inorganic LiNO;-KNO; molten-
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salt electrolyte achieved enhanced stability.” Due to the elevated operating
temperature, a high rate and high energy density are enabled. In fact, the
thermodynamically-favored discharge product at >150 °C is Li,O, instead of Li,O,
that is produced at ambient temperature (5.2 kW h Kkgcathode * ¥s. 3.5 KW h
kgcathode_l)-

The cathode reactions, involving the generation and decomposition of
discharge product during the discharge and charge steps, are complex and
sluggish since the corresponding oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) take place at a triple-phase boundary.'**? The sluggish
kinetics result in a high overpotential, low round-trip efficiency, and poor cycle
stability, and impede the practical application of LOBs.***

So far, several categories of cathode catalysts, for instance, doped carbon,"
metal-nanocarbon composites,'® noble metals,’” metal oxides,' organometallic
compounds,” and perovskite materials®**>*> have been developed for LOBs.
Perovskite materials are supposed to be one of the most promising categories of
catalysts for the cathode reaction in LOBs due to their unique electronic, ionic,
catalytic, and eco-friendly properties. Perovskites have a general formula of ABO;,
where the A site is an atom of a rare-earth or alkaline earth metal, and the B site is
a transition metal atom.>* The LaNiO; perovskite is one of the most widely
investigated catalytic materials for various electrochemical applications.* Porous
LaNiO; nanocubes were first employed as the cathode catalyst in a LOB in 2014.**
With this catalyst, the charge overpotential was reduced by up to 0.35 V at 0.08 mA
cm . After that, sulfur, nitrogen and cobalt were doped to further enhance the
catalytic activity.***” With such a B-site substitution, the hybridization between Ni
2d and O 2p orbitals is enhanced and more oxygen vacancies generated. The
amount of Ni*" is increased, which promotes the covalency of the B-O bonds.

LaNij 5C0, 503 (LNCO) is an efficient bifunctional catalyst for the OER and ORR.
Several approaches have been developed to synthesize LNCO, such as hydro-
thermal, sol-gel, and pyrolysis methods, and the synthesized materials have been
employed for high-performance LOBs.>®*** However, the mentioned methods
require high annealing temperature, high pressure, and special apparatus, as well
as other harsh reaction conditions. In addition, these methods usually lead to large
particle sizes (micron range), and limited productivity. In our previous work, we
synthesized micron-sized LNCO through a sol-gel method and utilized it as the
cathode catalyst in a molten-salt LOB, which delivered superior electrochemical
performance and long-term stability. However, the loading weight of the LNCO
catalyst was as high as 64 mg cm™?, leading to a relatively low mass energy density.>*

Herein, a coprecipitation method is employed to synthesize nano-sized LNCO
in order to reduce the loading weight of the catalyst and develop a facile approach
to enhance productivity. With this method, the calcination temperature is greatly
reduced so that the particle size of LNCO decreases to 35 nm. A binder-free LNCO
composite cathode is prepared for a LOB with a loading mass as low as 1 mg
ecm 2. The battery exhibits a comparative performance to a high-LNCO-mass-
loading LOB.

Experimental

A facile coprecipitation route was adopted to synthesize spherical LNCO perov-
skite oxide particles. 0.433 g of La(NOs);-6H,0, 0.145 g Ni(NO;),-6H,O and
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0.145 g Co(NO3), - 6H,0 were dispersed in 80 mL DI water with ultrasonication for
10 min. 0.3 g NaOH was dissolved in 20 mL DI water. Then the NaOH solution was
added to the mixed La-Ni-Co solution, followed with stirring for 4 h at 60 °C. The
resulting precipitate was centrifuged and washed 3 times. Then the obtained
powder was dried and calcined at 650 °C for 2 h. Finally, a black powder LNCO
sample was obtained.

1 mg LNCO was mixed with 1 mg LiNO;-KNO; (42 : 58 molar ratio) and pressed
between two stainless-steel meshes with a physical area of 1.13 cm? at 200 MPa for
1 minute to make a sandwich-structured cathode. The composite cathode was
further dried at 160 °C to remove water and form a thin molten nitrate layer on the
LNCO nanoparticles before transferring into a glove box.

500 pL of a LiINO3;-KNOj; (42 : 58 molar ratio) aqueous solution with a concen-
tration of 0.25 ¢ mL ™" was dropped onto a glass-fiber separator (Grade GF/A,
Whatman). The glass fiber was dried at 160 °C under vacuum and transferred
into the glove box. The mass loading of the molten salt was 125 4+ 10 mg per disc.

A homemade cell apparatus was assembled with a Li metal foil, a glass fiber
filled with nitrate salts and LNCO, as the anode, separator, and cathode,
respectively. Oxygen was pumped into the cell and sealed at around 2 bars. Then
the cell was transferred into an oven and heated to 160 °C. A LANHE testing
station was used to measure the electrochemical performance at current densities
in a range of 0.1-0.5 mA cm ™ within a potential range of 2.6-3.5 V. The elec-
trochemical impedance spectra of the cell were measured with a multichannel
potentiostat (AMETEK, USA). The frequency range was 0.01-10° Hz with an
amplitude of 10 mV.

The battery after the test was disassembled in the glove box. The detached
cathode was rinsed with N-methylacetamide solvent to remove the nitrate salts.
The treated LNCO was then dried under vacuum at 60 °C to remove the solvent
completely.

The morphologies of LNCO at different discharge states were confirmed with
a Hitachi S-3700 scanning electron microscope (SEM). Powder X-ray diffraction
(XRD) patterns were acquired with an X’PERT PRO MPD Alphal instrument
equipped with a PIXcellD detector with Cu-Ka radiation. An analytical trans-
mission electron microscope (TEM) EOL JEM-2800 was used at 200 kV to record
the micrographs. An X-ray photoelectron spectrometer (XPS; Omicron Nano-
technology GmbH surface analysis system) was applied to analyze the elemental
composition with a photon energy of 1486.7 eV, Al Ka X-ray source. All the binding
energies were corrected with the C 1s peak located at 284.6 eV.

Results

As shown in Fig. 1a, a facile coprecipitation method was applied to synthesize the
nano-LNCO. Once NaOH solution was added to the precursor solution,
a greenish-white precipitate formed. After centrifugation and calcination, well-
crystallized LNCO was obtained. The XRD results in Fig. 1b show that LNCO
has a perovskite structure, with no impurity phase. The XRD pattern is in good
agreement with JCPDS No. 01-073-2813. The as-synthesized LNCO exhibits high
crystallinity and well-defined symmetry. Fig. 1c clearly shows the morphology of
the as-synthesized LNCO. The LNCO catalyst has a relatively smooth surface. All
the particles are uniformally nano-sized with a spherical shape.
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Fig. 1 (a) Synthesis steps for nano-LNCO cathode through the coprecipitation route. (b)
XRD pattern of LNCO. (c) SEM micrograph of LNCO.

The TEM images of LNCO also revealed that this perovskite oxide was prepared
successfully. In Fig. 2a, grains of the parent LNCO material are observed with
a diameter of around 35 nm. Fig. 2b features a high-resolution TEM micrograph
of a typical LNCO nanoparticle, highlighting an ordered arrangement of the
crystallites. These crystallites consist of well-defined planes, which correlates with
the expected LNCO (110) plane, characterized by a measured d-spacing of
0.27 nm. This value is within the experimental error of the theoretical d-spacing
for the (110) plane, which is 0.272 nm (JCPDS 01-073-2813). Although these planes

Fig. 2 (a) TEM image, (b) HR-TEM image, (c) area used for measuring the element
distribution spectrum (EDS) and (d—g) corresponding EDS mapping images of the LNCO
sample.
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are pronounced, the overall monocrystalline continuity was hindered by the grain
growth of the neighboring crystallites, indicating polycrystallinity of the LNCO
particles. Fig. 2c is the image of LNCO nanoparticles at a larger scale, and its
corresponding EDS spectrum is provided in Fig. S2.1 Elements existing in the
sample are La, Ni, Co, while the Cu signal emanates from the underlying wafer.
Fig. 2d-g are the corresponding elemental mapping images, indicating
a homogenous distribution of La, Ni, Co and O in the sample.

The elemental composition of LNCO was identified with XPS. The survey
spectrum indicates the presence of La, Ni, Co and O on the surface (Fig. 3a). La
3ds,, can be assigned to the peaks at 834.1 eV and 837.3 eV, and La 3d;, to the
peak at 850.3 eV. Ni 2p3/, and Ni 2p4/, can be assigned to the two peaks at 854.2 eV
and 873.9 eV, respectively (Fig. 3b). These two peaks of Ni 2p are further decon-
voluted to show a bimodal feature, indicating the existence of Ni**/Ni** species.
Similarly, Co 2p;/, and Co 2p;/, can be assigned to the peaks at 778.4 eV and
793.7 eV, respectively (Fig. 3c). These two peaks of Ni 2p are further deconvoluted
to show a bimodal feature, indicating the existence of Co®>"/Co®" species.

The electrochemical testing of LNCO was carried out in a molten-salt LOB using
a homemade cell mold, assembled with a Li metal anode, a glass fiber containing
LiNO3;-KNO; electrolyte, and a LNCO composite cathode. Fig. 4a shows the
discharge and recharge profiles of the LOB at constant current in a potential range
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Fig. 3 (a) X-ray photoelectron spectroscopy (XPS) survey spectrum of LNCO. (b) XPS
spectra of La 3d and Ni 2p in LNCO. (c) XPS spectra of Co 2p in LNCO. (d) XPS spectra of O
1s.
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Fig. 4 Electrochemical performance of the LOB with the LNCO composite cathode. (a)
Full discharge and charge curves at different current densities. (b) Discharge and charge
curves of different cycles at 0.5 mA cm™2. (c) Mid-discharge and mid-charge voltages
during cycling and the corresponding capacities. (d) Nyquist plots of the battery before
and after the cycling test under open-circuit conditions.

of 2.6-3.5 V, and the current densities are 0.1, 0.2 and 0.5 mA cm 2. The discharge
capacities of the battery are 6.33, 3.75 and 2.48 mA h cMeyhode - at 0.1, 0.2 and 0.5
mA cm?, respectively. The discharge plateaus are quite stable, which were main-
tained at 2.81, 2.78 and 2.75 V. As the current density increases, the discharge
plateaus decrease slightly and the discharge overpotentials were 20, 50 and 80 mV,
respectively (the theoretical open-circuit voltage of this LOB is 2.83 V at 160 °C).
During the recharge step, the recharge plateaus initially remain stable with a low
potential, followed by a rapid increase of the potential during the final recharge
stage. The recharge potentials are 2.86, 2.87 and 2.88 V at the mid-recharge stage,
resulting in charge overpotentials of 30, 40 and 50 mV at 0.1, 0.2 and 0.5 mA cm 2,
respectively. The battery exhibited coulombic efficiencies (CEs) of 73.0%, 85.3%
and 96.8% for 0.1, 0.2 and 0.5 mA cm >, respectively, indicating a higher revers-
ibility of the LOB along with the increase of current density. Fig. 4b reveals the
discharge and charge profiles of the LOB during the stability test. During the whole
stability test, the limited discharge capacity was set as 0.5 mA h cm 2, and the
potential range was set from 2.6 to 3.5 V. During the cycling test, the discharge
performance was stable without obvious degradation for the first 119 cycles. The
discharge curves almost overlap with each other, revealing the high stability of the
LOB with the LNCO-catalyst cathode. However, the battery deteriorated suddenly on
the 120" cycle. The discharge capacity dropped to 0.32 mA h CMeathode ~ and the
recharge capacity was 0.30 mA h cMgode 2. Fig. 4c reveals that the mid-discharge
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voltage decreases from 2.77 V to 2.72 V, while the mid-charge voltage remains stable
at 2.88 V. Thus, the overall potential increases from 110 mV to 150 mV during the
cycling test. Furthermore, electrochemical impedance spectroscopy (EIS) was
carried out before and after the cycling test, as shown in Fig. 4d. As can be seen, the
equivalent series resistance was relatively small. After the cycling test, the ohmic
resistance of the battery almost remained the same compared with the pristine one,
indicating that the whole setup stayed stable. The diameter of the semicircle
corresponds to the charge-transfer resistance (R,). After cycling, R, increased
remarkably from 7.27 Q ecm? to 16.44 Q cm?, indicating an incomplete decompo-
sition of the discharge products formed and accumulated during the cycling.*

In order to identify the discharge products, the LNCO cathode was discharged
to 2 mA h cMeamode > With different current densities as shown in Fig. 5a, and the

a _ b
( )3.2- T=160°C 0.1 mA cm? (b)
0.2 mA cm?
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53.0- 3
) < - :
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Fig.5 (a) Discharge curves with a limited capacity of 2 mAh cm™2at 0.1, 0.2 and 0.5 mA
cm™2. (b) XRD patterns of LNCO with the discharge product after being discharged at
various current densities.

Fig. 6 SEM images of LNCO and the corresponding morphologies of the discharge
product discharged at (a) 0.1 mA cm™2, (b) 0.2 mA cm™2, (c) 0.5 mA cm~2, and (d) after the
cycling test at 0.5 mA cm™2,
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corresponding XRD patterns of the cathode are plotted in Fig. 5b. The XRD results
show peaks at 33.7° and 56.5° corresponding to the (111) and (113) crystal planes
of Li,O (JCPDS 98-018-2025), which is the expected discharge product of a molten-
salt LOB operating at 160 °C. Interestingly, Fig. 5b shows that the intensity of the
peaks for the Li,O phase increases when the discharge current density increased.

To observe the morphology of the Li,O discharge product, SEM analysis was
carried out on the same cathodes. Fig. 6a—-c show that Li,O was formed on the
surface of the cathode despite different current densities being applied. In Fig. 6a,
Li,O with a flocky and flocculent appearance was generated at 0.1 mA cm ™. When
the current density increased, the discharge product became disc-shaped at 0.2
mA cm > and became thinner, but denser, when the current density was further
increased to 0.5 mA cm > (Fig. 6b and c). Fig. 6d reveals that the LNCO remained
stable during cycling, and the morphology of the LNCO catalyst remained
unchanged after 120 cycles.

Discussion
The reasons for superior electrochemical performance

The battery exhibits superior electrochemical performance, delivering a large
discharge capacity, high reversibility, and long cycling life. The mentioned
performance is attributed to the following reasons:

(i) The good catalytic activities of LNCO nanoparticles. LNCO is one of the
promising candidates in oxide electrodes because of its high electrical conduc-
tivity and thermal stability. Notably, the electrical conductivity is as high as 1.9 x
10®> S em 1.3 This high electric conductivity allows fast electric and ionic
transfer on its surface during the ORR and OER processes. Celorrio et al.*
proposed that the key chemical properties of a La-based perovskite (LaBOj3) are
mainly affected by the B-site atom instead of La. On the LNCO surface, Ni*'/Ni**
and Co®*/Co** redox couples coexist and promote charge transfer between surface
cations and adsorbates (Fig. 3).>® There are a few works that reveal that LNCO is
a bifunctional catalyst in LOBs. The electrochemical properties of the as-prepared
LNCO are compared and summarized in Table 1. LNCO synthesized by the facile
coprecipitation method delivers a similar electrochemical performance to the
other LNCO samples that were synthesized with other, more complex, synthesis
methods. One-step calcination can greatly reduce the energy loss during the
synthesis process. Furthermore, the as-prepared LNCO with nano-sized particles
delivers more active sites for catalytic reactions compared with the micro-sized
LNCO.”® Through this facile method, the loading weight of the catalyst is
greatly reduced, which is conducive to the practical application of this perovskite
oxide in LOBs.

(ii) The battery system was operated at an elevated temperature 160 °C.
According to the Arrhenius equation, the increase of the temperature from 20 to
160 °C leads to a significant increase of the reaction rate. It is one of the reasons
that the battery can be operated at a high current density with low overpotential
during the discharge and charge steps. Another benefit is that Li,O instead of
Li,0, is the discharge product at this temperature. An LOB based on Li,O as the
product theoretically delivers a higher energy density than that of a LOB based on
Li O, (5.2 KW h Kkgcathode ' VS 3.5 KW h Kgeatnoge )
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(iii) The battery utilised an inorganic electrolyte instead of an organic one. The
reaction steps involving oxygen in LOBs containing a Li’-conducting organic
liquid electrolyte have been intensively investigated. With an organic electrolyte,
electrolyte decomposition, and side reactions between the electrolyte, cathode
and discharge product, often occur.®® The side reactions generate side products,
like the insoluble and insulating product Li,CO3, which therefore passivate the
battery during cycling. Tailoring the charge potential to oxidize Li,CO; may
alleviate the passivation, but a high charge potential is necessary, resulting in low
round-trip efficiency.*® Even worse, highly reactive product singlet oxygen forms
and the organic electrolyte seriously decomposes, which also limits the battery
stability.’” Replacing the unstable organic electrolyte with LINO;-KNO; electrolyte
solves the mentioned problems.® Furthermore, the Li" transference number of
LiNO;-KNOj; above the eutectic melting point (125 °C) is 0.68, much larger than
the Li" transference number of LiTFSi in tetraethylene glycol dimethyl ether
(TEGDME) electrolyte, as 0.47.*® With a higher Li" transference number, the
energy density and charging rate of LOBs can be improved.

Reaction pathways

Two reaction pathways to the formation of Li,O in a 4e™ transfer redox process at
elevated temperature with a molten-salt electrolyte are proposed, as shown in
Fig. 7. On the right side is route I, where the adsorbed oxygen reacts with Li* and
gains electrons to form Li,0,. Then the Li,O, continuously generates and reduces
to Li,O with a consecutive electron acceptance from the surface of the cathode.?®
This 4e™ reaction pathway is based only on the gas and solid phase, and sufficient
Li" and electrons are needed.® On the left side is route II, where adsorbed oxygen
first reacts with Li* and accepts electrons to form Li,O,. Part of the Li,O, cannot
be converted to Li,O in time but dissolves in the electrolyte. It grows to form Li,0,
crystals after supersaturation in the electrolyte. At the working temperature,
crystalline Li,O, converts to crystalline Li,O through disproportionation.** A
critical point is that the formed Li,O, should have enough ionic/electronic
conductivity for the further formation of Li,0.3**

The morphologies of the discharge products are different when the current
density changes (Fig. 6). It is assumed that the two reaction pathways both exist in

Molten salt Route Il |Route |

EEC

Fig. 7 Two reaction pathways to the formation of Li,O in a LOB with a molten-salt
electrolyte.
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the battery system and which pathway dominates the discharge step depends on
the discharge current density. When the battery discharges at a low current, there
is a sufficient supply of Li" and electrons. This battery is based on fast surface
reaction kinetics.** All the discharge product Li,O will be formed in situ on the
surface of the LNCO with continuous Li* and electron acceptance via route I (eqn
(1) and (2)). The generated Li,O moderately bonds to the LNCO, and free growth
of Li,O is prohibited.?® Some of the Li,O is dissolved in the electrolyte as time goes
by (eqn (3)), but the major part is flocky and flocculent-like Li,O, which covers the
surface of the cathode (Fig. 6a). This porous discharge product tends to decom-
pose at a low potential and provides abundant pathways for “O, breathing”,
resulting in a low overpotential, consistent with the electrochemical performance
in Fig. 4a. As the current density increases, the Li" and electrons may be insuf-
ficient to continuously realize the surface reaction, and the disproportionation
occurs through route II1.>* Generated Li,O, in eqn (1) might not be converted to
Li,O in time, and the concentration of Li,O, increases. Some of the Li,O, is
dissolved in the electrolyte (eqn (4)), and supersaturation of Li,O, results in the
formation of Li,O, nuclei, which triggers nucleation and growth of Li,0, crystals
(eqn (5)).** Eqn (6) tends to move to the right side according to Le Chatelier’s
principle and thus disproportionation takes place. Crystalline Li,O, converts into
crystalline Li,O, which results in disc-like Li,O (Fig. 6b and c). Higher crystallinity
Li,O easily blocks the void space between LNCO particles, leading to a decreased
capacity (Fig. 4a). In the charge step, the decomposition of the highly crystalline
Li,O needs a higher potential, resulting in a higher overpotential.

2Li* +2e” + 05 — LiOs,4 1)

Route 1:
LixO.aq + 2Li* + 26~ — LixOuq 2)
Liz0.4 © LizOgiectrolyte (3)

Route 2:
Li05 4 < LinOs ciectrolyte (4)
Liz05 ciectrolyte = LizO2 crystal (5)
2Li205.crysar — 2Li20 + O, 6)

Conclusions

In summary, lithium-oxygen batteries (LOBs) are promising devices for next-
generation energy storage systems. A facile coprecipitation route was adopted
to synthesize LaNi, 5C0, 503 nanoparticles for the cathode of a LOB. With this
material and a much reduced mass loading of LNCO catalyst, the battery delivers
a comparative performance to that of our previous high-mass-loading LNCO
catalyst, which was prepared via a sol-gel method. The LOB with this LNCO
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cathode operates at 160 °C and delivers a high discharge capacity of 6.33 mA h
CMcathode > With a low overall overpotential of 50 mV at 0.1 mA cm ™2 Further-
more, a correlation between the morphology of discharge product Li,O and the
current density is observed. The porous and thin-film-like discharge product
generates at low current density, while a thinner, but denser, discharge product
with higher crystallinity forms at high current density. Thus, a continuous surface
reaction dominates at low current density and a disproportionation pathway
might play the major role at high current density.
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