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ARTICLE INFO ABSTRACT

Keywords: Non-aqueous Li-O, batteries attract extensive attention because of their ultra-high theoretical specific energy
NiO density. However, the high charge potential, which induces severe parasitic reactions such as the corrosion of
Oxygen vacancy carbon-based catalysts and metal current collectors, is one of the biggest challenges currently. Herein, a current
Laser-scan

collector of Ni foam covering nanostructured villous NiO with oxygen vacancies (NiO;_s) was fabricated by a fast
laser-scan technique. The modified NiO,.s based current collector presented superior stability and comparable
electrocatalytic activity. It delivered a discharge capacity of about 500 mAh g~ * and a low charge potential of
3.84V in a Li-O, cell in the absence of catalysts. And this cell could maintain 73.5% of the initial capacity after
100 full discharge-charge cycles. Density functional theory (DFT) calculations verified that the improved elec-
trocatalytic activity mainly derived from the introduction of oxygen vacancies in NiO;_s. It improved the elec-
tronic conductivity for rapid electron transfer as well as served as active sites to bind O, and oxygen-containing
intermediates (eg. LiO,) for electrochemistry reactions. This work gives a rapid and easily mass-produced
method to fabricate a stable and activated current collector for Li-O, batteries.

Current collector
Li-O, battery

1. Introduction 2Lit + O,+2¢~ < Li,0,, E°=296V D

Based on previous reports, carbon based catalysts and carbon
paper/cloth current collectors are widely applied in Li-O, batteries
because of their high surface area, excellent electronic conductivity and
superior oxygen reduction reaction (ORR) catalytic performance
[17-19]. However, many studies demonstrated that carbon is suscep-
tible to be corroded by the attack of reaction intermediated radicals and
can actively promote the decomposition of electrolyte during cycling
[17-20]. Hence, it is of necessity to elaborately design carbon-free
cathodes, including carbon-free catalysts and current collectors, for Li-
O, batteries to circumvent these parasitic reactions. Among varieties of
carbon-free current collectors, Ni metal is most widely applied [21-24],
which exhibits higher electronic conductivity over carbonaceous ma-
terials and metal oxides [25,26]. Nonetheless, different from carbon
collectors, Ni metal shows little catalytic activity and makes no con-
tribution to the battery performance. Besides, Ni metal is easily

Owing to their extremely high theoretical specific energy density
(~3500 Wh kg™ 1), rechargeable non-aqueous lithium-oxygen (Li-O,)
batteries have captured worldwide attention [1-5]. They are promising
to meet the power requirements of electric vehicles and smart grids,
taking the place of traditional Li-ion batteries. Typically, in a Li-O,
battery system, its operation depends on the reversible formation and
decomposition of Li;O, (Eq. (1)) [6-8]. However, lots of challenges
must be addressed before their usage in practical applications. The
primary challenge is the high charge potential in oxygen evolution re-
actions (OER) [9-13]. It has resulted in the low round-trip efficiency,
detrimental degradation of electrolyte and poor cycle life. Therefore,
multitudes of research efforts have been focused on combining effective
catalysts and porous electrode structures to reduce the charging over-
potential for non-aqueous Li-O, batteries [14-16].
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oxidized inherently as a kind of active metals [27], especially when it is
applied in an O,-rich system with high oxidation potential. It has been
reported that NiO possesses good activity towards the decomposition of
both Li,O, and Li,COs; [21,28,29]. However, the electronic con-
ductivity of NiO is inferior, which will undoubtedly increase the in-
terface impedance and prevent the rapid charge transfer, leading to a
high overpotential. Fortunately, in a recent literature, Ling et al. in-
troduced oxygen vacancies into metal oxides, which is an effective way
to significantly improve their electronic conductivity [30]. As a con-
sequence, creating a covering layer of NiO with oxygen vacancies
(NiO;.5) on the Ni metal current collector is proposed to enhance its
stability, electroconductivity and electrocatalytic activity in Li-O, bat-
teries.

In the present work, we developed a one-pot fabrication of nanos-
tructured villous NiO;_s layer grown on Ni foam collector directly by
the fast laser-scan technique. The surface of Ni metal was protected
effectively by the layer of NiO; s nano-villi. Particularly, the electro-
conductivity and electrocatalytic activity of the whole Ni collector were
promoted significantly. DFT calculations verified that the improved
electrochemical performance mainly stemmed from the introduction of
oxygen vacancies in NiO. It not only improved the electronic con-
ductivity for rapid electron transfer [30], but also served as active sites
to bind O, and oxygen-containing intermediates (eg. LiO5) for elec-
trochemistry reactions [31-35]. Moreover, a RF magnetron sputtering
method was employed to deposit Ru nanoparticles onto the modified Ni
collector to construct a self-standing carbon-free cathode. And superior
discharge-charge performance with lower charge overpotential was
obtained in Li-O, batteries.

2. Experimental section
2.1. Materials preparation

Ni foam was put on the substrate of the laser processing device
(BX4II-E, Senged Laser). Then, it was irradiated by a linearly polarized
ns laser with wavelength of 532 nm, repetition rate of 50 kHz, pulse
duration of 12ns and pulse energy of 0.4mJ. A two mirror galvo
scanner with an F-theta objective lens (f = 160 mm) was used to focus
and scan the laser beam in the x-y directions. Here, 600 mms ™' was
adopted to tune the content of the oxide at the surface of Ni foam,
which is the top irradiation speed we can carry out to keep the struc-
tural integrity. Besides, laser-scan speeds of 200 and 400 mm s~ ' were
also applied for comparison. After laser-scan treatments, the Ru nano-
particles were deposited on the surface of Ni foam by RF magnetron
sputtering in 1 min with a constant power of 100 W. Pristine Ni foam
functionalized with Ru nanoparticles without irradiation was also
prepared. The process gas was pure argon at a pressure of 2.0 Pa, which
was introduced into the chamber with a flow rate of 120 sccm. The Ni
foam was positioned straight to the Ru target at a target-substrate
distance of about 20 cm.

2.2. Characterization

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images were taken on a Hitachi S-8010 (Tokyo,
Japan) and JEOL JEM-2100 (Tokyo, Japan), respectively. The states of
surface elements were characterized using X-ray photoelectron spec-
troscopy (XPS) spectra recorded by a Thermo Fisher Scientific Model K-
Alpha spectrometer equipped with Al Ka radiation (1486.6 eV). Tauc
plots were obtained based on the UV-Vis absorption spectra, which
were acquired on a Shimadzu UV-3600 ultraviolet-visible spectro-
photometer. The NiO contents were calculated based on the weight loss
during the reduction of NiO into Ni under Ar/H, gas (H,, 10 vol%) with
a thermogravimetric analyzer (TG, Netzsch STA-449F3).
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2.3. Electrochemical measurements

The Ni foam, LS-Ni foam, Ru@Ni foam and Ru@LS-Ni foam were
used directly without any additional binder or conductive agent.
CR2032-type coin cells with holes for oxygen-transfer were assembled
in a glovebox filled with dry Ar to evaluate the electrochemical per-
formance. And all the electrode material was dried at 80 °C overnight
before assemblage. Tetraethyleneglycol dimethyl ether (TEGDME)
(from Aldrich) mixed with LiCF3SO3 in a molar ratio of 4:1 was used as
the electrolyte. LAND 2001A Battery Testing Systems (Wuhan LAND
electronics Co., Ltd, P.R. China) were used for electrochemical perfor-
mance tests. The capacities of the Li-O, batteries were normalized by
the mass of NiO and the current densities applied were 100mA g~ .
Electrochemical impedance spectroscopy (EIS) Nyquist plots were
measured with a frequency range of 100 kHz to 0.1 Hz and a scan rate
of 10mVs~' by an electrochemical station (CHI440C, Shanghai
Chenhua Co., Ltd, P.R. China). Mott-Schottky (M-S) tests were carried
out by an electrochemical station (Zahner IM6) at a frequency of
1000 Hz in a typical three-electrode system with a saturated calomel
reference electrode and a platinum plate counter electrode. And the
electrolyte applied was the buffer solution of potassium phosphate
(0.2M, pH = 7).

2.4. Theoretical calculations

Spin-polarized DFT calculations were performed by using the
Vienna ab initio simulation package (VASP) [36] with the projector
augmented wave (PAW) method [37] and Perdew, Burke and Ernzerhof
(PBE) functional [38]. The Hubbard-type U correction of Ni was taken
into consideration and set to be 6.2 eV [39,40]. The most stable surface
(100) of NiO was selected to be catalyst surface [41]. A six layers’ slab
with 2 x 1 lateral cells and a 10 A vacuum along the z-direction was
used to model the surface system. Cutoff energy was set 500 eV for the
plane-wave basis set in all calculations. The Brillouin zone was sampled
by 4 x 8 x 1 Gamma centered mesh. Both layer thickness and k-point
mesh here were tested to achieve a convergence of total energy within
0.01 eV. The top four layers of the slab were allowed to relax, the other
two layers at bottom were fixed to mimic a bulk region. The con-
vergence criteria for structural optimization was set to 0.1 eV/A in
force, while for the electronic step was set to 10~ * eV.

The adsorptions of O, and LiO, molecules on NiO surfaces as well as
the electronic properties of slabs have been calculated. Herein ad-
sorption energy AE is considered as the descriptor of binding strength.
A negative value of AE suggests favorable adsorption, and it is de-
termined by using Eq. (2),

AEy = E(NiO + M) — E(NiO) — E(M) )

where E(NiO + M) and E(NiO) represent the total energy of NiO
system with and without the molecule M adsorbed on surface, respec-
tively. Here M can be LiO, or O,, and E (M) represents the total energy
of LiO,, or gas phase O, molecule. Table S1 shows the calculation re-
sults of O, and LiO, adsorption.

3. Results and discussion

Herein, Ni foam was selected as the substrate material and treated
by an elaborate method of laser-scan. Compared with other Ni metal
collectors, Ni foam possesses 3D macroporous skeletons that favorably
facilitate the rapid diffusion of O, and the effective infiltration of
electrolyte for the whole energy conversion process. The laser treat-
ment of Ni foam with size of 5cm X 5 cm was completed within 7 min
at the fast laser-scan speed (600 mms™?'), clearly demonstrating the
high preparation efficiency. And the color of Ni foam changed from
silver white to deep black after laser-scan (Fig. 1a). Scanning electron
microscopy (SEM) was utilized to characterize the architectures of Ni
foam after laser-scan (denoted as LS-Ni foam) (Fig. 1b-d). It can be seen
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Fig. 1. (a) Digital photograph of Ni foams (5cm x 5cm) before (left) and after (right) laser-scan. (b-d) SEM images with low and high magnifications of the Ni foam
after laser-scan. The red rectangle in (b) shows typical macropores on the Ni foam skeletons created by high energy laser beams. (e, f) TEM images with low and high
magnifications of the Ni foam after laser-scan, corresponding SAED pattern is shown insert of (f). (g, h) XPS spectra of Ni foam before and after laser treatment,

showing Ni 2p and O 1s spectrum, respectively.

that the LS-Ni foam has numerous macropores about 20 pm on the Ni
foam skeletons, created by the high energy laser beam. Plenty of well-
distributed nano-villi around 70 nm were produced on its surface,
which efficiently increased the surface area and provided abundant
active sites for electrochemical/chemical reactions. Transimission
electron microscopy (TEM) was applied to further investigate the mi-
crostructures of LS-Ni foam. As shown in Fig. le, the villous layer was
assembled by ultra-fine grains with diameter about 3 nm. According to
the high-resolution transimission electron microscopy (HRTEM) image
and its corresponding selected area electron diffraction (SAED) pattern
(Fig. 1f), the crystal lattice spacing of the grains was estimated to be
0.208 nm, which is in accordance with the (200) facet of NiO. From the
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XPS results, the Ni 2p spectrum of LS-Ni foam in Fig. 1g manifested
satellite peaks of NiO, while the pristine Ni foam was partly oxidized
with the coexistence of Ni’. Note that the peaks of LS-Ni foam slightly
shifted to right about 0.78 eV compared to that of Ni foam, which could
arise from the introduction of oxygen vacancies [30,42]. Meanwhile,
the O 1s spectra were divided into three peaks (Fig. 1h), denoted as I, IT
and III, which represent lattice oxygen, oxygen vacancies and absorbed
oxygen pieces in NiO, respectively [43-45]. And the area of peak II in
LS-Ni foam and pristine Ni foam accounted for 67.3% and 48.4% of the
total constituents, respectively. The increased area ratio of peak II in LS-
Ni foam indicated that a great deal of oxygen defects had been pro-
duced, in good consistence with Ni 2p spectra. Additionally, Ni foam
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Fig. 3. (a) Galvanostatic discharge-charge profiles of Li-O, batteries with the LS-Ni foam collector and Ru@LS-Ni foam cathode. (b) Discharge-charge cyclic curves
of the Li-O, battery with the LS-Ni foam collector, showing the first two circles. Inset is the variation of discharge capacity during the cycling.
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Fig. 4. SEM images the LS-Ni foam cathodes during different reaction stages. (a) low magnification and (b) high magnification after discharge, and (c) after recharge.

collectors with less oxygen vacancies (denoted as LS-Ni foam-2 and LS- 4, respectively.

Ni foam-4) were also fabricated by controlling the laser-scan speed of It has been reported that the existence of oxygen vacancies can
200 and 400 mms~'. As shown in Fig. S1, the Ni peaks shifted to left enhance the carrier concentration and thus improve the electronic
about 0.27 eV and 0.15 eV compared to that in LS-Ni foam, and the area conductivity of metal oxides, assuring a rapid charge-transfer and op-

of peak Il reduced to 56.3% and 58.0% in LS-Ni foam-2 and LS-Ni foam- timal adsorption energies for intermediates in ORR/OER [30]. From
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Fig. 5. XPS spectra of LS-Ni foam cathodes after discharge and charge, showing (a) Li 1s, (b) O 1s, (c) C 1s and (d) Ni 2p spectrum.

this point of view, Tauc plots and Mott-Schottky (M-S) plots were ap-
plied to measure the bandgap and carrier concentrations of prepared Ni
foam collectors. From the Tauc plots (Fig. 2a and S2a), much narrowed
bandgaps of 1.33 eV, 1.53 eV and 1.42 eV were obtained for LS-Ni foam,
LS-Ni foam-2 and LS-Ni foam-4, respectively, in greatly contrast to that
of standard NiO (3.4 eV of NiO in principle). These modified Ni foam
collectors demonstrated tremendously promoted electronic con-
ductivity after the introduction of oxygen vacancies. Besides, M-S plots
all displayed typical p-type feature (Fig. 2b and S2b), suggesting that
the charge carriers were predominant holes. According to Eq. (3),

dc—2 -2
dv qeoer Ny A?

3

where A is the surface area of the modified Ni foams and ¢, is the di-
electric constant of NiO with the value of 11.9. The corresponding
calculation results showed that holes concentrations of LS-Ni foam
reached up to 1.02x1023 em ™2, much more than those of LS-Ni foam-2
and LS-Ni foam-4 with the amount of 5.20x10®cm™° and
1.00x10% cm ™3, And the higher carrier concentration of collectors is
especially favorable for the charge-transfer process in electrochemical
reactions.

Band structures of NiO with and without oxygen vacancies were
calculated by DFT to further analyze the underlying mechanism of the
promotion in electroconductivity. As for a perfect NiO slab shown in

Fig. 2¢, the bandgap is relatively large about 1.82 eV and the fermi level
is near the valence band maximum. These characteristics indicate that
the conductivity of the NiO system is not good. The introduction of
oxygen vacancies causes the defect states, shifts the Fermi level into the
conduction band and hence increases the conductivity of the slab
(Fig. 2d). Overall, the bandgap decreases after the introduction of
oxygen vacancies, coinciding with the Tauc plot results. Moreover,
electrochemical impedance spectroscopy (EIS) was applied to in-
vestigate the charge-transfer resistance of Ni foam and LS-Ni foam
collectors in Li-O, batteries directly (Fig. S3). The corresponding
equivalent circuit was shown in the inset image in Fig. S3, where R,
CPE, R, and W, represent the solution resistance, double-layer capa-
citance, charge-transfer resistance and Warburg impedance, respec-
tively. According to the fitting results, the fitted R, of Ni foam and LS-
Ni foam were calculated to be 10856 and 155.3 Q, respectively, which
confirmed a better charge-transfer resistance after the introduction of
oxygen vacancies.

It is widely acknowledged that most carbon current collectors ex-
hibit certain electrocatalytic activity. With regard to the LS-Ni foam
collectors, which possess properties including 3D porosity for mass-
transfer, robust adhesion of NiO;_s from in-situ preparation, enhanced
conductivity for charge-transfer and inherent electrochemical activity
of NiO, the electrocatalytic performance of LS-Ni foam collectors in Li-
O, batteries was evaluated. Full discharge-charge test with a cutoff

87



X. Mu et al. Nano Energy 51 (2018) 83-90

@

L P e P
PP gy
AP P
L P o
AP e P
L PP P o

O3 on Pristine NiO
E,qs=-0.02 ¢V

oeé.afdﬂp‘-,.o PEP P
L0l LPo i
PR P00 POt eP
Lol LP P
PR P PP g d
Lo Ly FLEPy

NiO, ;5 0O, on NiO 15
Eads =-3.10 eV
O Ni atom ° O atom

R eead
IR
PP P
PP P
P P
L PeP P gr

LiOjon Pristine NiO
Eaas = -1.63 eV

o«?gﬁ &SP
FP ool o
FPE P o
PP e P
L P

LiO,0n NiO 1.5
Eaqs=-5.00 eV

¢ O Vacancy

Fig. 6. The optimized structures of (a) NiO and (d) NiO;_s and corresponding binding energies of O, and LiO, on (b, ¢) NiO and (e, f) NiO;_s. The binding energies of
0O, and LiO; on NiO;_s (—3.10eV for O, and —5.00 eV for LiO,) are much lower than those on perfect NiO (—0.02 eV for O, and —1.63 eV for LiO»).

voltage of 2.0-4.3 V was performed (Fig. 3). The specific capacity was
normalized by the mass of NiO, which was estimated based on the
weight loss percent round 0.1% in TG curve (Fig. S4). And the current
density adopted was 100mA g~ . The Li-O, battery with the LS-Ni
foam collector delivered a discharge capacity approximately
500 mAh g~ 1. And a relative low charge voltage plateau of 3.84 V was
acquired. As shown in the inset of Fig. 3b, about 73.5% of the initial
capacity was maintained even after 100 cycles. It suggested that the LS-
NiO presented comparable electrochemical activity. While the galva-
nostatic discharge—charge profiles of the Li-O, batteries with the LS-Ni
foam-2 and LS-Ni foam-4 current collectors are shown in Fig. S5. Initial
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discharge capacity about 280 mAhg~! and 400 mAhg~! were deliv-
ered for LS-Ni foam-2 and LS-Ni foam-4, respectively, leading to 44%
and 20% decrease in comparison with that of LS-Ni foam. Besides, both
the charge and discharge overpotential were increased, revealing that
the existence of more oxygen vacancies is favorable for ORR/OER
electrochemistry.

Previously reports indicated that a lower charge voltage has less
influence on parasitic reactions during charge, thus contributing to
distinctly improved cycle stability [2,46]. The morphology and com-
position of LS-Ni foam collectors in Li-O, batteries during different
reaction stages was studied by SEM and XPS. As shown in Fig. 4a, the
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LS-Ni Foam

Fig. 7. Schematic illustration of the effect of oxygen vacancies in LS-Ni foam collector during the Li-O, battery operation.

discharge products exhibited rough conformal-like growth feature.
From the enlarged image (Fig. 4b), the products were composed of
porous and loose stacked flocculent structures, which facilitated most of
the Li;O, external surface to be exposed to the electrolyte directly and
would be decomposed easier, thereby reducing the charge over-
potential effectively. As recharge process finished (Fig. 4c), flocculent
products disappeared completely and the cathode surface was re-
covered. XPS results demonstrated that the discharge products were
mainly Li,O, (Fig. 5a-c). Besides, some carbonate and carboxylate were
produced by the decomposition of electrolyte, even though TEGDME is
rather stable as reported [47]. Note that the peak intensity of oxygen
vacancies reduced significantly after discharge compared with that of
pristine LS-Ni foam, the ORR process probably preferred to occur on the
vacancy places (discussed later). After recharge, the peaks of Li,O, and
Li»CO3 disappeared, revealing that NiO exhibited preferable effect on
the decomposition of both Li»O, and Li»CO3 [28]. Moreover, the peak
positions in Ni 2p spectrum (Fig. 5d) showed no apparent change even
after 100 cycles (Fig. S6), showing the electrochemical stability of NiO;.
s during cycling.

DFT calculations were used to verify the elementary mechanism of
Li-O, batteries and the roles of nano-villous NiO; 5. Fig. 6 shows the
optimized structures and corresponding binding energies of O, and
LiO, on the surface of NiO and NiO s, separately [48]. It was found that
the binding energies of O, and LiO, on NiO; 5 (—3.10eV for O, and
—5.00eV for LiO,) are much lower than those on perfect NiO
(—0.02eV for O, and —1.63eV for LiO,), indicating that reaction
species are more easily captured by the surface of LS-Ni foam, thereby
serving as active sites for the ORR/OER reactions [31-35]. Fig. 7
schematically illustrates the catalytic mechanism of nano-villous NiO; .5
on LS-Ni foam during the Li-O, battery operation. Large amount of
oxygen vacancies existing in the NiO;.s layer possess higher oxygen-
bonding capability, serving as active sites to transfer electron and bind
with O, and oxygen-containing intermediates (eg. LiO;) for
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electrochemistry reactions [31-35]. Hence, in the initial discharge
stage, most O, binds to the surface of NiO; s via oxygen vacancies,
which is reduced through the one-electron process to form LiO, inter-
mediate according to the Eq. (4). Few may exist in the electrolyte. LiO,
is unstable and will get reduced and react with another Li* to form
Li>O, by the surface-adsorption path, following the Eq. (5). Those LiO,
in electrolyte will disproportionate to Li,O, by the chemistry process
(Eq. (6)). Finally, flocculent discharge products in conformal-like
growth form with loose and porous structures. Most of the Li>O, ex-
ternal surface tend to be exposed to the electrolyte and thus to be de-
composed easier in OER, accounting for a lower OER overpotential. In
the subsequent charge process, Li* is extracted from Li,O, to generate
LiO,, which binds with oxygen vacancies and gets rid of Li* and e to
release O, [35].

Lit + O, + e~oLiO, 4)
LiO, + Lit + e~ « Lij,0, 5)
L102+L102 « LizOz + 02 (6)

Ru and Ru-based catalysts have been extensively reported to exhibit
superior bifunctional catalytic activity for ORR/OER in Li-O, batteries
[2,21,48,49]. However, the high mass density and cost restrict their
widespread application. For the sake of cutting down the usage of Ru
catalysts, herein a physical method of RF magnetron sputtering was
employed. Trace amount of Ru nanoparticles with size around 30 nm
were deposited on the LS-Ni foam collector to construct a self-standing
carbon-free cathode (Fig. S7a). And XPS spectrum show that Ru existed
in the form of elemental Ru and RuO, (Fig. S7b). The galvanostatic
discharge-charge profile was shown in Fig. 3a. The Li-O, battery with
the Ru@LS-Ni foam cathode delivered an increased discharge capacity
of 2500 mAh g ! and a reduced charge potential plateau about 3.76 V,
suggesting the better electrocatalytic activity of Ru nanoparticles. For
comparison, a Ru@Ni foam cathode using untreated Ni foam collector
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was also fabricated. The Li-O, battery with the Ru@LS-Ni foam cathode
exhibited discharge capacity ten times more than that of the Ru@Ni
foam electrode (Fig. S8), demonstrating that the enhanced performance
of Ru@LS-Ni foam came from the indispensable effect of NiO; s layer
besides the effect of Ru nanoparticles. And the Li-O, battery with the
Ru@LS-Ni foam cathode showed excellent cycling stability as shown in
Fig. S9. Even after 100 cycles, it still held a low charge plateau below
4.08 V. Furthermore, we also compared this work with the other Ni
foam-based cathode materials from some published literatures, as
shown in Table S2. Compared with those cathode materials, the Ru@
LS-Ni foam cathode prepared in this work still shows the better elec-
trochemical performance than the most of the Ni foam-based cathode
materials reported in previous literatures.

4. Conclusions

In summary, nanostructured villous NiO with oxygen vacancies
grown on the Ni foam was synthesized by adopting the fast, con-
trollable and scalable laser-scan technique. Experiments and DFT cal-
culations demonstrated that the introduction of oxygen vacancies not
only improved the electronic conductivity for rapid electron transfer,
but also served as active sites to bind O, and oxygen-containing inter-
mediates (eg. LiO,) for electrochemistry reactions. As a result, the Li-O,
cell with the pristine LS-Ni foam collector delivered a discharge capa-
city of 500mAh g~ ! and a low charge potential about 3.84 V. And the
cell could maintain 73.5% of the initial capacity after 100 full dis-
charge-charge cycles. Then, the LS-Ni foam collector was functionalized
with trace amount of Ru nanoparticles to construct a self-standing
carbon-free cathode. The Li-O, battery using the Ru@LS-Ni foam
cathode exhibited an increased discharge capacity up to 2500 mAh g !
and a reduced charge potential about 3.76 V, which arrived from the
catalytic activity of Ru nanoparticles and the indispensable effect of
NiO; s layer. In addition, this laser scanning technique can extended to
fabricate a series of nanostructured metal oxides with oxygen vacancies
by laser-scanning of corresponding metal substrates. It provides a new
strategy for the fabrication of defective metal oxides with high catalytic
activity in electrocatalysis and energy conversion and storage areas,
such as metal-air batteries and water splitting.
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