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The intense interest of Li–O2 battery stems from its ultrahigh theoretical energy density, but its applica-
tion is still hindered by the issues of Li anode. Herein, RuO2-CNTs composite, a conventional O2 cathode
catalyst in Li–O2 battery, is first utilized as an anode host for dendrite-free Li plating/stripping with high
Coulombic efficiency. It is demonstrated that such excellent plating/stripping performance arises from
the lithiophilicity characteristic of Ru nanoparticles (that is derived from the in-situ electrochemical con-
version from RuO2 to Ru/Li2O) and buffer space provided by CNTs. Furthermore, the RuO2-CNTs electrode
pre-deposited with limited Li (RuO2-CNTs@Li anode) is coupled with a RuO2-CNTs catalytic cathode to
form a Li–O2 full cell, which displays an extended cycle life with dramatically improved energy density.
The achieved cell shows a high stability of 200 cycles with RuO2-CNTs@Li anode (1 mg Li) that sheds light
on the efficient utilization of Li anode in Li–O2 batteries.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Li–O2 battery has received intense attention due to its super-
high theoretical energy density [1–5]. In recent years, a lot of
strategies, such as the catalysts design and electrolytes optimiza-
tion, have been developed to improve the performance of O2 cath-
ode [6–13]. Nevertheless, the poor utilization efficiency of Li metal
anode in Li–O2 battery has never been improved. In most of previ-
ous reports [4–8,10–16], a much excess Li metal anode must be
used to ensure the stable operation of Li–O2 batteries, where the
key reason is that the electrolyte containing O2 and/or O2

– can con-
sume a lot of metallic Li (especially, these Li dendrites with high
surface area) [17,18]. When calculated based on the total mass of
catalyst in cathode and Li in anode, these reported Li–O2 batteries
generally exhibit very low energy densities, which are far away
from the theoretical one or even lower than conventional Li-ion
batteries.

In fact, the safe and efficient utilization of Li metal anode is a
very old topic. During continuous plating/stripping, numerous Li
dendrites formed on the surface of Li metal, which cause the safety
issues. Simultaneously, the fresh formed Li dendrites react with
electrolyte, which convert dendritic Li to electrochemically inert
‘‘dead” Li [19,20]. Recently, the investigation of Li metal anode
Elsevier B.V. and Science China Pr
was reemerged with extensive interest [21–34]. Various
approaches, e.g., porous host materials coated with lithiophilic
seeds [22,23], electrolyte optimization [24–26] and artificial solid
electrolyte interphase (SEI) [27–31] were used to improve the
behavior of Li plating/stripping. As a result, it has been demon-
strated that several Li metal batteries (i.e. Li//LiFePO4, Li//Li4Ti5O12

and Li//LiCoO2) can be stably cycled using a small amount of pre-
deposited Li and the special electrolytes (e.g., LiTFSI dissolved in
1,3-dioxolane/1,2-dimethoxyethane (DOL/DME) with LiNO3 addi-
tive or LiPF6 dissolved in carbonate-based electrolyte) [20,23,30–
34]. Unfortunately, these successful strategies have never been
used in Li–O2 batteries. One reason is that the presence of O2 and
O2
– in Li–O2 batteries intensely aggravates Li consumption, the

other is that these optimized electrolytes for Li plating/stripping
cannot be used to Li–O2 batteries. Namely, it is still a huge chal-
lenge to increase the Li utilization in Li–O2 batteries.

Herein, the RuO2 nanoparticles anchored on carbon nanotubes
(CNTs) was fabricated as RuO2-CNTs composite, which is applied
as a catalyst for O2 cathode and the host for Li plating/stripping,
showing double-function. It was found that the Ru nanoparticles
(that is derived from the in-situ electrochemical conversion from
RuO2 to Ru/Li2O) act as lithiophilic seeds to decrease the overpo-
tential of Li nucleation and hysteresis during Li plating process,
and the CNTs provide a buffer space to accommodate the deposited
Li. After repeated Li plating/stripping processes in the electrolyte of
1 mol L–1 LiTFSI-DOL/DME with 2 wt% LiNO3 additive, the RuO2-
ess. All rights reserved.
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CNTs@Li anode possesses Li dendrite-free morphology with a
stable SEI layer that benefits the practical application. To serve as
the anode of Li–O2 battery, 5 mAh cm�2 (i.e. the 1 mg Li in consid-
ering the electrode area of 0.785 cm2) Li was pre-deposited on
RuO2-CNTs electrode in 1 mol L–1 LiTFSI-DOL/DME electrolyte with
2 wt% LiNO3 additive. The achieved RuO2-CNTs@Li anode paired
with RuO2-CNTs cathode was then fabricated as a Li–O2 full cell
operated in 1 mol L–1 LiTFSI-tetraglyme (TEGDME) electrolyte.
The corresponding Li–O2 full cell reveals an extended cycle life
with dramatically improved energy density, in comparison with
that using a much excess Li anode.
2. Materials and methods

2.1. Material synthesis

50 mg CNTs were dispersed in a 0.01 mol L–1 RuCl3 solution by
ultrasonication for 10 min. A 0.03 mol L–1 NaHCO3 solution was
then slowly added to the above mixture under stirring until the
pH value reached 7. After stirring for another 20 h, the precipitate
was washed with distilled water and dried in air. The composite
was then achieved by annealing in air at 150 �C for 19 h, which
was donated as RuO2-CNTs.

Ru-coated Cu (Cu@Ru) electrode was obtained by magnetron
sputtering method. The ruthenium and Cu electrode serve as the
sputtering target and the substrate, respectively. The mass loading
of Ru on the Cu electrode was 0.4–0.5 mg after sputtering for
30 min.

2.2. Electrochemical measurements

The electrochemical test of Li plating/stripping process was
measured in CR2016-type coin cells using 1 mol L�1 LiTFSI-DOL/
DME (v:v = 1:1) electrolyte with 2 wt% LiNO3 additive. 80 wt%
RuO2-CNTs (or CNTs, RuO2 nanoparticles) and 20 wt% polyvinyli-
dene fluoride binder (PVDF) were dissolved in N-methyl-2-
polyvinylidene (NMP). The resulting slurry was then coated on
Cu electrode and dried in a vacuum oven at 80 �C for 12 h. The
obtained electrodes and commercial Li film were punched into
disks with a diameter of 12 mm as the working electrode and
counter electrode, respectively. To form a stable SEI layer and
remove the surface contamination, the assembled cells were cycled
between 0 and 2 V at 0.5 mA cm�2 for 20 cycles, previously. A fixed
amount of Li was then plated onto prepared electrodes and
stripped by charging to 2 V for each cycle.

2.3. Battery assembly

The RuO2-CNTs@Li anode (i.e. the RuO2-CNTs electrode was first
cycled several times and then pre-deposited Li with 5 mAh cm–2 Li
in 1 mol L–1 LiTFSI-DOL/DME electrolyte with 2 wt% LiNO3 addi-
tive) was coupled with LiFePO4 to form a full cell of Li//LiFePO4.
To prepare the LiFePO4 electrode, the mixture slurry of LiFePO4,
super P, and PVDF in the mass ratio of 8:1:1 was dispersed in
NMP and then coated onto Al foil. The mass loading of LiFePO4 is
about 4 mg cm�2. The Li//LiFePO4 cells were tested between 2
and 4.3 V using 1 mol L–1 LiTFSI-DOL/DME electrolyte with 2 wt%
LiNO3 additive.

To prepare RuO2-CNTs cathode, the slurry of 80 wt% RuO2-CNTs
and 20 wt% PVDF was mixed in NMP, and then pasted on a carbon
paper. The mass loading of RuO2-CNTs in cathode is 0.5–
0.6 mg cm�2. To prepare the RuO2-CNTs@Li anode, the RuO2-
CNTs electrode was firstly cycled several times in the electrolyte
of 1 mol L–1 LiTFSI-DOL/DME with 2 wt% LiNO3 additive, and then
pre-deposited with 5 mAh cm–2 Li (1 mg Li in considering the elec-
trode area of 0.785 cm2). Prior to the Li–O2 full cell assembly, the
prepared RuO2-CNTs@Li anode was washed with TEGDME solvent.
The RuO2-CNTs cathode and RuO2-CNTs@Li anode (or commercial
Li film) were separated by a separator (commercial celegard mem-
brane) dipping with 1 mol L–1 LiTFSI-TEGDME electrolyte. The elec-
trolyte volume was �50 lL for each Li–O2 battery. Such anode/
separator/cathode was then sealed into a home-made Li–O2 cell,
which possesses a hole with a diameter of 1 cm (� 0.785 cm2) to
guarantee the O2 flowing in cathode side. The electrochemical
measurements of Li–O2 cells were employed by Land cycler
(Wuhan Land Electronic Co. Ltd) in a pure/dry oxygen-filled glove
box. The capacities and current densities are calculated based on
the mass loading of RuO2-CNTs in cathode. The energy density of
Li–O2 cell is calculated based on the total mass of catalyst in cath-
ode and Li in anode.
2.4. Material characterization

The mass ratio of RuO2 in RuO2-CNTs composite was measured
with a TG209F1 thermo-gravimetric (TG) analysis instrument
(NETZSCH) under O2 (heating rate of 10 �C min�1). X-ray diffraction
(XRD) measurements of RuO2-CNTs and CNTs were carried out on a
Bruker D8 Focus power X-ray diffractometer with Cu Ka radiation.
The Raman spectra were performed to characterize RuO2-CNTs and
CNTs on Reni Shaw inVia Laser Scanning Confocal Microscopy
(excitation wavelength: 632.8 nm). X-ray photoelectron spec-
troscopy (XPS) was carried out to detect the SEI layer on the sur-
face of RuO2-CNTs electrode using a XSAM800 Ultra
spectrometer. Fourier transform infrared spectroscopy (FT-IR) data
were achieved on a Nicolet 6700 spectrometer. The morphology of
RuO2-CNTs was observed by scanning electron microscopy (SEM)
on a Hitachi S-4800 microscope and transmission electron micro-
scopy (TEM) on a FEI Tecnai G20 field emission electron micro-
scope operated at 200 kV. Elemental mapping of RuO2-CNTs was
collected by energy-dispersive spectrometer (EDS) mapping
equipped on TEM. The morphologies of RuO2-CNTs, CNTs, RuO2

and Cu electrode at pristine stage and after Li plating with 2 mAh
cm�2 were analyzed by SEM. To observe the morphology of plated
Li, the discharged electrodes were obtained by disassembling the
cells in an Ar-filled glove box. The RuO2-CNTs@Li, CNTs@Li, RuO2@-
Li, and Cu@Li electrodes were washed by DME solvent to remove
LiTFSI salt and residual electrolyte before SEM characterization.
The morphologies of RuO2-CNTs@Li anode (5 mAh cm�2 pre-
deposited Li) and commercial Li film anode used in Li–O2 cells
were also characterized by SEM at pristine stage and after 60th
cycle, respectively. The RuO2-CNTs cathodes with different dis-
charge/charge stages in Li–O2 full cells were examined by ex situ
SEM, XRD and FT-IR, respectively.
3. Results and discussion

The RuO2-CNTs composite is obtained by a mild sol-gel method.
The 3D network structure of CNTs precursor is characterized by
SEM images (Fig. S1a and S1b online). The SEM image of the
RuO2-CNTs composite is given in Fig. 1a, showing that the 3D
structure of the sample is well maintained after the decoration of
RuO2 nanoparticles. The high-resolution TEM image (Fig. 1b) of
the sample indicates that the typical diameter of these RuO2

nanoparticles is�2 nm. The TEM image (Fig. 1c) and corresponding
EDS mapping of elements C, Ru, and O (Fig. 1d–f) further confirm
the decoration of RuO2 on CNTs. The XRD patterns of the RuO2-
CNTs composite and CNTs are given in Fig. 1g, where it can be
observed that the diffraction peaks of CNTs are decreased with
the decorating of RuO2. The diffraction peaks (red lines of Fig. 1g)
located around 28�, 35�, 40� and 54� can be indexed to RuO2



Fig. 1. Characterizations of RuO2-CNTs composite. (a) SEM and (b) TEM image of RuO2-CNTs. (c) TEM image of RuO2-CNTs and (d)–(f) the corresponding EDS mapping images
of C, Ru and O elements. (g) XRD pattern and (h) Raman spectra of RuO2-CNTs and CNTs, respectively.
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(PDF No. 43-1027). The Raman spectra of RuO2-CNTs composite
and CNTs (Fig. 1h) indicates that both samples display a D-band
(around 1,320 cm�1) and a G-band (around 1,580 cm�1), corre-
sponding to the carbonaceous material [35]. However, the peak
intensity of RuO2-CNTs composite is much weaker than that of
CNTs. The new peaks located at around 515 (Eg), 630 (A1g), and
691 (B2g) cm�1 in the Raman spectra can be attributable to the
three Raman active modes of RuO2 [35]. The mass ratio of RuO2

nanoparticles (�50 wt%) in the composite is confirmed by thermo-
gravimetric (TG) analysis (Fig. S2 online).

The catalytic activity of RuO2-CNTs composite in Li–O2 battery
has been demonstrated in Zhou et al.’s previous report [35].
Herein we focus on the Li plating/stripping performance of the
RuO2-CNTs composite, which was investigated in 1 mol L–1

LiTFSI-DOL/DME electrolyte with 2 wt% LiNO3 additive. For com-
parison, the Li plating/stripping profiles of bare CNTs, RuO2

nanoparticles (Fig. S3 online) and conventional Cu electrode were
also investigated at the same condition. Fig. 2a presents the com-
parison of Coulombic efficiency using RuO2-CNTs, CNTs, RuO2 and
Cu electrodes with a plating capacity of 2 mAh cm�2 at a current
density of 1 mA cm�2. As shown in Fig. 2a, the RuO2-CNTs elec-
trode reveals a stable Coulombic efficiency with a long-term run-
ning that is superior to other electrodes. The corresponding
discharge/charge profiles of RuO2-CNTs electrode at different
cycles are shown in Fig. S4 (online). The differences of these elec-
trodes are further clarified by the comparison of the discharge/
charge curves at selected cycles (1st, 70th and 135th cycles). As
shown in Fig. 2b, these electrodes exhibit the initial Coulombic
efficiencies of 94.8% (RuO2-CNTs electrode), 93.6% (CNTs elec-
trode), 91.0% (RuO2 electrode) and 85.7% (Cu electrode), respec-
tively. Furthermore, the hysteresis of Cu electrode at 1st cycle is
much larger than that of other electrodes (inset of Fig. 2b). The
Coulombic efficiency of Cu electrode (87.3%) is still much lower
than that of other electrodes (>97%) with a large hysteresis at
70th cycle (Fig. 2c and inset), reflecting the instability of Cu
electrode in Li plating/stripping process. At 135th cycle, both
CNTs and RuO2 electrodes deliver slumped Coulombic efficiencies
(below 85%) and increased hysteresis, which is far inferior to that
of RuO2-CNTs electrode (Fig. 2d and inset). When conducted with
larger plating capacities (5 and 10 mAh cm�2), the RuO2-CNTs
electrode still maintains an eminent Coulombic efficiencies with
long lifespans (Fig. S5 online). In a addtion, the corresponding



Fig. 2. Li plating/stripping performance of the RuO2-CNTs host. (a) Comparison of Coulombic efficiency using RuO2-CNTs, CNTs, RuO2 and Cu electrode, respectively.
Discharge/charge voltage profiles of Li plating/stripping process with various electrodes on (b) 1st cycle, (c) 70th cycle and (d) 135th cycle. Insets in (b)–(d) are the
enlargements of hysteresis in the corresponding voltage profiles. (e) The voltage curves of Li nucleation using various electrodes at 0.05 mA cm�2. (f) The voltage curves of Li
nucleation using Cu@Ru and Cu electrodes at 0.05 mA cm�2, respectively. (g) Comparison of Coulombic efficiency using Cu@Ru and Cu electrodes, respectively.
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cycling performance might be improved by using artificial SEI
layer to protect the electrode in further studies.

In order to compare the lithiophilicity of these electrodes, the
nucleation overpotentials were measured at a low current density
of 0. 05 mA cm�2 (Fig. 2e). The measurements and calculation of Li
nucleation overpotential are according to the previous reports [22].
As shown in Fig. 2e, the RuO2 electrode delivers the smallest volt-
age dip at the nucleation stage, showing a lowest nucleation over-
potential. The nucleation overpotential of RuO2-CNTs electrode is
slightly higher than that of RuO2 electrode, but is lower than that
of CNTs and Cu electrodes. This result demonstrates that the
RuO2 benefits the Li nucleation. It is well known that the dis-
charge/charge of RuO2 nanoparticles should experience the rever-
sible conversion reaction between RuO2 and Ru/Li2O [36–38],
which is demonstrated by Fig. S6 (online). Therefore, the lithio-
philicity of RuO2-CNTs or RuO2 electrode may arise from the exis-
tence of Ru on Li plating process. To clarify the lithiophilicity of Ru
element, we prepared Ru-coated Cu electrode (i.e. Cu@Ru elec-
trode) by using magnetron sputtering method. The Ru nanoparti-
cles are uniformly deposited on the surface of Cu electrode
(Fig. S7 online). The voltage curves of Li nucleation using Cu@Ru
and Cu electrodes are performed at 0.05 mA cm�2 (Fig. 2f). The
curve of Cu@Ru electrode shows a reduced voltage dip at the stage
of Li nucleation and a lower nucleation overpotential (20.5 mV),
which is evidently superior to that of Cu electrode (29.1 mV). This
result indicates the lithiophilicity characteristic of Ru, which is
beneficial to the Li plating/stripping behavior of RuO2-CNTs elec-
trode. The Cu@Ru electrode also exhibits a high Coulombic effi-
ciency (96.5%) and long life for Li plating/stripping, which far
exceeds that of the Cu electrodes (Fig. 2g), revealing that the sur-
face of Ru-based electrode is more favorable for Li plating/stripping
process with an eminent behavior. Although Li plating/stripping
performance of Cu@Ru electrode is outstanding (100 cycles), it is
still inferior to that of RuO2-CNTs electrode (180 cycles). This result
can be ascribed to the absence of 3D host structure that might
cause the volume expansion of Cu@Ru electrode during cycling.

After electrochemical investigation, the SEM characterization
was carried out to probe the Li dendrites formation of these elec-
trode after Li plating. Fig. 3a–d present the SEM images of pristine
RuO2-CNTs electrode, CNTs electrode, RuO2 electrode and Cu elec-
trode. The corresponding SEM images of various electrodes after Li
plating (2 mAh cm�2) are shown in Fig. 3e–h. After plating
(2 mAh cm�2), the morphology of RuO2-CNTs@Li electrode
presents a smooth and uniform surface without dendritic Li
(Fig. 3e), which should be attributable to the combination of lithio-
philicity characteristic of Ru nanoparticles (through the in-situ
electrochemical conversion from RuO2 to Ru/Li2O) and the 3D host
structure of CNTs. On the contrary, the dendritic growth of Li
emerges after Li plating on CNTs electrode (Fig. 3f), which is
derived from the lack of the lithiophilic seeds for Li deposition.
The Li dendrites also appear on RuO2 electrode (Fig. 3g) after Li
plating because of the absence of 3D buffer. When switching to



Fig. 3. SEM characterization of various electrodes. SEM images of pristine (a) RuO2-CNTs electrode, (b) CNTs electrode, (c) RuO2 electrode and (d) Cu electrode. The
morphologies of (e) RuO2-CNTs electrode, (f) CNTs electrode, (g) RuO2 electrode and (h) Cu electrode after Li plating with the capacity of 2 mAh cm�2 at the current density of
1 mA cm�2, respectively. (i) Schematic diagram of Li uncleation and deposition on RuO2-CNTs electrode.
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the Cu electrode, numerous Li dendrites with a mean diameter of
�1 lm (Fig. 3h) are deposited on Cu electrode. Furthermore, the
cross-section SEM images also confirm the smooth and uniform
surface of RuO2-CNTs@Li electrode (Fig. S8 online). The data shown
in Fig. 3a–h indicate that the unique structure of RuO2-CNTs can
efficiently prevent the dendrites formation, which is illustrated
by Fig. 3i. As shown in Fig. 3i, the RuO2 nanoparticles offer numer-
ous lithiophilic sites to induce the Li deposition with a lower nucle-
ation overpotential, and the 3D network structure supplies the
sufficient buffer for deposited Li. Accordingly, the Li nucleates pref-
erentially on the surface of RuO2, and then generates a uniform and
smooth morphology on RuO2-CNTs electrode after the Li plating.

To further demonstrate the promising performance RuO2-CNTs
electrode in practical cell, the RuO2-CNTs@Li electrode (i.e. the
RuO2-CNTs electrode pre-deposited with 5 mAh cm–2 Li) was cou-
pled with LiFePO4 to form a full cell of Li//LiFePO4 using the elec-
trolyte of 1 mol L–1 LiTFSI in DOL/DME with 2 wt% LiNO3

additive, which is similar to previous reports [21,23,30,32,34].
Fig. S9 (online) shows an outstanding cycling stability for 500
cycles with a capacity retention of �75%, which is superior to most
previous reports (See Table S1 online for more details). As men-
tioned at beginning, the key purpose of present work is to increase
the utilization of Li in Li–O2 battery. Therefore, the RuO2-CNTs@Li
electrode was then used to build a Li–O2 battery. In this experi-
ment, the RuO2-CNTs electrode was firstly cycled several times in
the electrolyte of 1 mol L–1 LiTFSI in DOL/DME with 2 wt% LiNO3

additive, and then pre-deposited with 5 mAh cm–2 Li (i.e. the
1 mg Li in considering the electrode area of 0.785 cm2) to form
the RuO2-CNTs@Li electrode. We note that the Li–O2 battery is
inadaptable to operate in the electrolyte that utilized in Li plat-
ing/stripping test (Fig. S10 online), while the Li plating/stripping
behavior of RuO2-CNTs electrode is far from satisfactory in the
electrolyte of 1 mol L–1 LiTFSI-TEGDME (Fig. S11 online). Hence,
different electrolytes should be employed for the preparation of
RuO2-CNTs@Li anode and operation of Li–O2 full cell, respectively.
The prepared RuO2-CNTs@Li electrode is coated with a solid elec-
trolyte interphase (SEI) film, which is confirmed by XPS and FT-
IR characterization (Fig. S12 online). Such SEI film may prevent
the O2 attacking on anode, which can be further clarified by Li–
O2 full cell tests. A Li–O2 full cell was assembled by using a
RuO2-CNTs based catalytic electrode as cathode and a RuO2-
CNTs@Li as anode in the electrolyte of 1 mol L–1 LiTFSI-TEGDME.
In this cell, the RuO2-CNTs shows the double-function (i.e. the cat-
alyst for O2 and the host for Li plating/stripping). A conventional
Li–O2 full cell with a much excess Li film anode (Fig. S13 online)
was fabricated at the same condition for comparison. As shown
in Fig. S13, the thickness of the Li film (40 mg per 0.785 cm2) is
about 972 lm, which is widely used for Li–O2 battery investigation
[11,13–15,18]. Fig. 4a presents the full discharge curves of both
cells at a current density of 100 mA g�1, where the current density
is calculated only based on the mass of RuO2-CNTs in cathode
(such method is widely used in previous reports [4,6,8–18,35]).
The achieved full discharge capacity (3,776 mAh g�1) of the cell
using RuO2-CNTs@Li anode is just slightly higher than that
(3,545 mAh g�1) of the cell using commercial Li film anode. How-
ever, when calculated based on total mass of catalyst in cathode
and Li in anode, the cell using RuO2-CNTs@Li anode exhibits much
higher energy density (2,850 Wh kg�1) than that (93 Wh kg�1) of
the cell using commercial Li film anode (Fig. 4b). Cycle perfor-
mance of the both cells was tested with a fixed capacity of
500 mAh g�1 at a current density of 250 mA g�1. As shown in
Fig. 4c, the Li–O2 full cell using RuO2-CNTs@Li anode delivers a
remarkable cycle life. The load curves are stable over 200 cycles
without capacity fade. As a contrast, the rechargeability of Li–O2



Fig. 4. Electeochemical performacne of Li–O2 battery. (a) The discharge profiles of RuO2-CNTs based Li–O2 cells at 100 mA g�1 with different anodes and (b) corresponding
energy densities. Recyclability of Li–O2 batteries with a fixed capacity 500 mAh g�1 at 250 mA g�1 using (c) RuO2-CNTs@Li anode and (d) commercial Li film anode. SEM
images of RuO2-CNTs@Li anode (e) at pristine stage and (f) after 60th cycle. (g) and (h) SEM are images of commercial Li film anode at pristine stage and after 60th cycle,
respectively.
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battery with commercial Li film anode is inferior to that using
RuO2-CNTs@Li anode (Fig. 4d). The terminal discharge voltage
degrades to <2.0 V at 120th cycle. The energy density (calculated
based on the total mass of catalyst in cathode and Li in anode) of
the Li–O2 full cell using RuO2-CNTs@Li anode reaches �400Wh
kg�1. It should be noted that the RuO2-CNTs@Li anode still pos-
sesses excess Li, which guarantees the operation of Li–O2 battery
with higher discharge/discharge depth. When increased the fixed
capacity to 1,000 mAh g�1, the cell using RuO2-CNTs@Li anode
exhibits a high energy density of approximately 766Wh kg�1 with
a promising cycling stability over initial 60 cycles (Fig. S14 online).
Nevertheless, when the Li amount on RuO2-CNTs@Li anode is
reduced, the cycling stability of corresponding Li–O2 full cell deliv-
ers sharp decline (Fig. S15 online). The reversibility of cathode in
the cell was investigated by using ex situ SEM, XRD and FT-IR, indi-
cating that Li2O2 serves as the dominant discharge product and dis-
appears after recharge reversibly (Fig. S16 online). Fig. 4e and g
present the SEM images of the pristine RuO2-CNTs@Li anode and
commercial Li film anode for Li–O2 batteries. The corresponding
SEM images of these electrodes after Li plating (i.e. recharged Li–
O2 batteries after 60th cycle) are shown in Figs. 4f and h, respec-
tively. It can be observed that the cycled RuO2-CNTs@Li anode still
maintains an even morphology without dendritic Li (Fig. 4f),
whereas the cycled Li film anode presents cracks and Li dendrites
(Fig. 4h). Such dendrite-free anodes might impel the long time run-
ning of related Li–O2 battery. It is worth noting that the consump-
tion of Li in anode is inevitable due to the decomposition of ethers-
based electrolytes, irreversible byproducts and the corrosion of dis-
solved O2. In general, a much excess amount of Li, such as commer-
cial Li film, is utilized to guarantee a long lifespan operation of Li
anode, which greatly decreases the energy density of Li–O2 batter-
ies. To manifest the significance of RuO2-CNTs@Li anode in Li–O2

battery, we compare the usage rate of Li amount in anode. As
shown in Table S2 (online), the utilization of RuO2-CNTs@Li anode
realizes a much higher usage rate of Li with an extremely improved
energy density, which far exceed that using commercial Li film or
Li foil in most prior works. Increasing the utilization of Li pioneers
a new avenue of designing high-efficiency anode towards real Li–
O2 electrochemistry.
4. Conclusion

In summary, the safe and efficient utilization of Li anode is an
old issue, which must urgently be addressed in Li–O2 batteries.
The much excess Li anode and the dendrites formation limit the
practical energy density and safety operation of most Li–O2 batter-
ies. In this work, it has been demonstrated that the RuO2-CNTs
electrode realizes the uniform Li deposition without Li dendrites,
which arises from the lithiophilicity characteristic of Ru nanoparti-
cles (through the in-situ electrochemical conversion from RuO2 to
Ru/Li2O) and the 3D host structure of CNTs. Furthermore, it is
found that the RuO2-CNTs@Li electrode coated with SEI film can
ensure the stable operation of Li–O2 batteries with very limited
Li in anode, through which Li–O2 batteries can achieve higher
energy density and better cycle life.
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