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Constructing an air electrode with a porous structure and tunable
chemical composition can provide a solution to improve the
performances of Li—O, batteries. Herein, via a facile synthesis strategy
by combining electrodeposition and photoreduction, we have fabri-
cated a free-standing cathode with palladium (Pd)-modified NiO
nanosheets (NS) grown on Ni foam (PNS). The Li—O, battery with
the PNS cathode delivers a high capacity (18900 mA h g* at
200 mA g, a much reduced charge overpotential (~0.35 V),
and a long-term cycling life (103 cycles at 200 mA g~ and
1000 mA h g~ ). These properties are due to the good activity of
NiO/Pd catalyst, the highly porous structure of NiO nanosheets, and
the absence of an organic binder. More importantly, film-like Li,O, is
formed via a surface growth pathway in the PNS cathode, providing a
large contact area between the Li,O, and cathode surfaces. As a
benefit, the electron transfer during the charge process is facilitated,
contributing to a much reduced charge overpotential.

As a promising candidate for next-generation energy storage,
lithium-oxygen (Li-O,) batteries have attracted great attention
in recent years owing to their extremely high theoretical energy
density."™ Despite the bright future, the practical application
of a Li-O, battery is confronted by many problems, including a
low round-trip efficiency and poor cycle life.>® To a consider-
able extent, all of these problems are closely associated with the
sluggish reaction kinetics and inefficient mass transfer of O,
and Li'. Luckily, fabricating an efficient air cathode with a
porous structure and tailored chemical compositions has
provided a solution to these problems.””® In detail, the porous
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Conceptual insights

Li-O, batteries hold promise for outperforming today’s lithium-ion
batteries to deliver high energy density for otherwise unattainable
applications. Carbon is a versatile cathode material with excellent
performance, but it is unstable in the Li-O, system. This problem can
be in principle solved by replacing carbon with non-carbonaceous
cathode materials. However, their high mass, small surface area and
poor electrical conductivity usually lead to poor specific capacity. As an
important step toward this goal, we have, for the first time, proposed a
new concept of a carbon-free cathode for Li-O, batteries - photoinduced
decoration of NiO nanosheets/Ni foam with Pd nanoparticles. Unexpect-
edly, the resultant novel free-standing and carbon-free cathode endows
the Li-O, cell with excellent electrochemical performances, including an
ultra-high specific capacity of 18900 mA h g~ ' (more than 6 times that
with other non-carbonaceous cathodes, typically <3000 mA h g™*), a low
overpotential (350 mV) and a low cycle life (up to 103 cycles). These
findings truly open up ways to tackle long-lingering problems associated
with Li-O, batteries with a practical and integrated solution.

cathode can offer both interconnected channels for fast mass
transfer of all reactants and large void volumes necessary for
discharge product storage. And the tailored cathode composi-
tion can help in obtaining a desirable ORR/OER activity, thus
accelerating the sluggish Li-O, reaction kinetics.'®"" Based on
these understandings, a Li-O, battery with high performances
can be obtained with the help of a smartly designed cathode.
So far, many efforts have been devoted towards fabricating
cathodes with porous structures and tailored compositions. In
this aspect, various cathode architectures, such as hierarchical
mesoporous/macroporous carbon, a hierarchical-fibril CNT
electrode,® hierarchical carbon-architecture,"* 3D porous
N-doped graphene,’® have been reported. However, these
carbonaceous cathodes can be oxidized in a harshly aggressive
Li-O, environment, generating parasitic products that degrade
the Li-O, battery performances.'®'” Under this circumstance,
various transition metal oxides,*®*>* which can resist oxidative
corrosion, have been widely used for cathode construction in
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Li-O, batteries. Among them, NiO shows high catalytic activity
and the ability to oxidize the carbonate and carboxylate species
side products generated during the battery reactions.****
Unfortunately, the poor ability of NiO to promote the for-
mation/decomposition of Li,O, has limited its application as
a cathode material for Li-O, batteries. As a remedy, it is
desirable to deposit noble metals with excellent ORR and
OER activity to increase the overall cathode activity.

With the above knowledge in mind, for the first time,
we have fabricated a free-standing cathode with palladium
(P)-modified NiO nanosheets (NS) grown on Ni foam (PNS)
via a facile strategy by combining electrodeposition with
photoreduction. As comparison groups, cathodes with NiO
nanosheets (NS) grown on Ni foam (PNS) and a palladium
(P)-modified NiO film (NF) grown on Ni foam (PNF) are also
fabricated. In light of the results, these two cathodes exhibit
little ORR performance. In sharp contrast, the PNS cathode
exhibits a high specific capacity, relatively low overpotentials,
good rate capability and a long cycling life. These superior
performances are primarily the synergy of the hierarchically
porous structure and the high catalytic activity of the PNS
cathode. Further, the PNS cathode promotes the formation
of film-like Li,O, via a surface-adsorption growth pathway,
guaranteeing a large contact area between Li,O, and the cathode.
As a benefit, the electron transfer from Li,O, to the cathode is
facilitated, contributing to a low charge overpotential.

Fig. 1 schematically illustrates the synthesis strategy for the
PNS cathode. The detailed synthesis process is described in the
ESI.¥ The morphology and porous structure of the PNS cathode
are investigated using field emission scanning electron micro-
scopy (SEM) and transmission electron microscopy. As shown
in Fig. 2a and b, without the help of any additional binder or
solvent, porous NiO nanosheets are grown uniformly on the
surface of the Ni foam, while the large pores of the Ni foam are
kept intact, ensuring the formation of a free-standing structure
and a favourable low-resistance pathway for electron transfer.
As shown in Fig. 2¢ and d, the Pd nanoparticles (dark points)
4-6 nm in diameter, which serve as catalytically active centers
for accelerating Li-O, reactions, are uniformly deposited on the
surfaces of the NiO nanosheets. In the inset of Fig. 2d, the
HRTEM image shows the presence of Pd with a facet of (200)
and NiO with a facet of (220), whose existence is further verified
by the power X-ray diffraction (PXRD) results. As displayed in
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Fig.1 Schematic illustration of the synthetic strategy of the Pd/NiO
nanosheet@Ni foam cathode.
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Fig. 2 (a) SEM image and photograph (inset) of pristine Ni foam. (b) SEM
image and photograph (inset) of Pd nanoparticle (P) modified NiO
nanosheets grown on the Ni foam cathode. (c) TEM image of the NiO
nanosheets. (d) TEM image and HRTEM image (inset) of the Pd nano-
particle (P) modified NiO nanosheets. (e) X-ray diffraction patterns of the
PNS cathode. The patterns for standard NiO and Pd are also shown for
reference. (f) Nitrogen adsorption-desorption isotherms and pore-size
distribution (inset) of Pd nanoparticle (P) modified NiO nanosheets.

Fig. 2e, the diffraction peaks can be indexed to well-crystallized
NiO (PDF no. 47-1049) and Pd nanoparticles (PDF no. 46-1043),
which is further verified by the TEM mapping results in Fig. S1
(ESIY). To study the structure of the Pd/NiO cathode, we carried
out the nitrogen absorption-desorption test. In light of the
pore-size distribution (inset in Fig. 2f), both mesopores and
macropores with a wide size range (~5-100 nm) are clearly
observed, being in agreement with the TEM results (Fig. 2c and
d). This highly porous structure of the Pd/NiO cathode offers a
high specific area of 20.53 m® gpgnio ', according to the
nitrogen absorption-desorption isotherms (Fig. 2f), which
offers a large cathode-electrolyte interface contact area to
ensure high availability of the catalytically active sites in
Li-O, batteries. As comparison groups, the NS cathode
(Fig. S2, ESIf) and the PNF cathode (Fig. S3, ESIf) are also
investigated using SEM and XRD. Finally, this obtained PNS
cathode simultaneously fulfils four key requirements for use as
a Li-O, battery cathode: good catalytic activity endowed by the
Pd/NiO catalyst, a highly porous structure endowed by the NiO
nanosheets, and the absence of an organic binder. All of these
advantages are beneficial for the electrochemical performance
of the Li—O, batteries.

The electrochemical properties of the PNS, NS and PNF
cathodes were then examined in a Li-O, cell. As revealed in
Fig. 3, the Li-O, battery with the NS cathode exhibits an average
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Fig. 3 The first discharge curves of Li-O, cells with the (a) NS cathode,
(b) PNF cathode and (c) PNS cathode.

discharge voltage plateau around 1.8 V, due to the little ORR
performance of the NS cathode. On the other hand, the PNF
cathode only delivers a capacity of around 1500 mA h g™,
which can be explained by the lack of enough triphase regions
to promote the Li-O, reactions and sufficient space for Li,0O,
storage. Unlike the cases in the above two cathodes, the PNS
cathode exhibits a desirable discharge capacity that is as high
as 18,900 mA h g~ '. Taken together, all of these results have
demonstrated the importance of the catalytic composition and
porous structure in promoting the Li-O, reactions.

Based on this discovery, only the performances of the PNS
cathode are evaluated. Fig. 4a shows the first discharge-charge
voltage profiles of the Li-O, battery with the PNS cathode at a
current density of 200 mA g~ '. Remarkably, the PNS cathode
delivers a high discharge voltage plateau at ~2.80 V and
exhibits a much reduced charge voltage of around 3.4 V at
the end of charging, realizing a round-trip efficiency that is as
high as ~ 82.4%. Note that the discharge and charge voltages of
the Li-O, battery can be significantly improved with the help of
the PNS cathode, which enhances the round-trip efficiency that
is vital for electrochemical energy storage devices. Then, the
rate performance of the PNS cathode is evaluated. Fig. 4b shows
that the Li-O, battery with the PNS cathode delivers capacities
of 18900 mA h g™, 9000 mA h g " and 3500 mA h g ' under
current densities of 200 mA ¢!, 500 mA g~ and 1000 mA g,
respectively. Simultaneously, it is found that the background
discharge capacity of the Ar-filled batteries is negligible within
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Fig. 4 (a) The first discharge—charge curve of a lithium-oxygen (Li-O5)
cell with the PNS cathode. (b) Rate performance of the battery with the
PNS cathode. Discharge—charge profiles of the PNS cathode with a fixed
capacity of 1000 mA h gpq~t at (c) 200 MA gpy* and (d) 500 mA gpy ™.
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the voltage range (Fig. S4, ESIf). This result demonstrates
that the discharge capacities of the Li-O, battery are derived
from the ORR. The above study evidences the superiority of the
PNS cathode in promoting the formation and decomposition of
Li,0,, encouraging us to investigate the cycling stability of the
PNS cathode. The PNS cathode is tested with a capacity-limited
cycle method. Fig. 4c presents the discharge-charge voltage
profiles of the PNS cathode, which is tested at a current density
of 200 mA g~ " with a fixed capacity of 1000 mA h g~ . Of note,
the Li-O, battery with the PNS cathode can realize a stable
cycling of 103 times, with the terminal discharge and charge
voltages being around 2.70 and 3.5 V (Fig. S5, ESIf), respec-
tively. Even when the current density is increased to
500 mA g~ ', the PNS cathode can still maintain a stable cycling
of 67 times (Fig. 4d). All these results have shown good cycling
stability of the PNS cathode, indicating its promising applica-
tion as a cathode material for Li-O, batteries.

To understand the electrochemistry occurring in the Li-O,
battery with the PNS cathode, the morphologies of these
discharged and charged cathodes were then investigated. After
discharging the cell, the surface of the PNS cathode was
uniformly covered with a muddy layer of Li,O, (Fig. 5a and b),
agreeing with previous results.”® After recharging, the discharge
product Li,O, disappears and the surface of the PNS cathode
becomes clean again (Fig. 5¢), revealing a good rechargeability of
this cathode. To further confirm this point, the electrochemical
impedance spectra (EIS) technique was then applied. As shown
in Fig. 5d, compared with the impedance of the Li-O, battery
with the PNS cathode, that of the Li-O, battery with the
discharged PNS cathode increases significantly. This can be
explained by the poor electronic conductivity of discharge
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Fig. 5 SEM images of the (a) pristine PNS cathode, (b) PNS cathode on the
first discharge and (c) PNS cathode after recharge. The insets in the panels
show the corresponding higher-magnification images. (d) Electrochemical
impedance spectra (EIS) of the Li—-O; battery with the pristine cathode, first
discharged cathode and recharged cathode. (e) GITT discharge voltage
profile obtained from the Li-O, battery with the PNS cathode. (f) LSVs
performed at 0.05 mV s~* with the PNS cathode. (g) A mechanism of the
electrochemical growth of film-like Li,O, on the PNS cathode. The small
black balls indicate the Pd nanoparticles. (h) Schematic of the Li,O,
oxidation mechanism on the PNS cathode.
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products generated at the cathode site.”” Interestingly, the
impedance of the Li-O, battery with the charged PNS cathode
could almost recover its initial value, indicating that the
insulated discharge products can be fully decomposed during
the charge process. These results are consistent with the SEM
images discussed above, highlighting again the good recharge-
ability of the Li-O, battery with the PNS cathode. Next, the
galvanostatic intermittent titration technique (GITT) is also
applied to investigate the electrochemical behaviour in the
Li-O, battery (Fig. 5e). The equilibrium potential of the Li-O,
battery is nearly 2.9 V, regardless of the state of discharge,
demonstrating the formation of Li,0,.>**°

As mentioned above, at the end of the discharge process,
film-like Li,O, is formed on the surface of the PNS cathode.
This finding led us to investigate inherent discharge mechan-
isms with the help of discharge linear scan voltammograms
(LSVs). From Fig. 5f, only one peak at ~2.57 V emerges,
indicating the surface-adsorption growth pathway of Li,O,.>
As illustrated in Fig. 5g, the surface of the PNS cathode is
speculated to possess a strong surface binding energy toward
the superoxide species. Consequently, the growth of Li,O,
mainly takes place on the cathode surface, generating film-
like Li,O,. As a bonus, a large contact area between the cathode
and the discharge product is provided, thus benefitting the
electron transfer from the Li,O, to the cathode (Fig. 5h). Of
note, in a real system, Li,O, growth/decomposition is more
complicated, and further studies using a combination of
electrochemical and theoretical approaches are in progress to
elucidate the exact functions of the PNS cathode.

Conclusions

In conclusion, the structural design and composition optimiza-
tion of cathodic materials are key issues in the development of
high performance Li-O, batteries. In this work, we first devel-
oped an effective free-standing cathode with palladium
(P)-modified NiO nanosheets (NS) grown on Ni foam (termed
the PNS cathode). Compared with the NS cathode and the PNF
cathode, the PNS cathode is advantageous in the following
aspects. It possesses a hierarchical porous structure that act as
pathways for fluent mass transfer (Li ion migration and O,
diffusion in the charge/discharge process) and provide suffi-
cient room for storing the discharge product. Simultaneously,
the deposition of Pd nanoparticles has increased the ORR and
OER activity. The Li-O, battery with this PNS cathode delivers a
high discharge capacity (18900 mA h g~ ' at 200 mA g %), a
much reduced charge overpotential (~0.35 V) and a long-term
cycling life (103 cycles at 200 mA g~ and 1000 mA h g™ ). The
results also suggest that both the material and structure of the
cathode should be optimized to simultaneously achieve a
superior electrochemical performance of Li-O, batteries.
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