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Abstract: Although lithium–oxygen batteries possess a high
theoretical energy density and are considered as promising
candidates for next-generation power systems, the enhancement of safety and cycling efficiency of the lithium anodes
while maintaining the high energy storage capability remains
difficult. Here, we overcome this challenge by cross-stacking
aligned carbon nanotubes into porous networks for ultrahighcapacity lithium anodes to achieve high-performance lithium–
oxygen batteries. The novel anode shows a reversible specific
capacity of 3656 mAh g@1, approaching the theoretical capacity
of 3861 mAh g@1 of pure lithium. When this anode is employed
in lithium–oxygen full batteries, the cycling stability is significantly enhanced, owing to the dendrite-free morphology and
stabilized solid–electrolyte interface. This work presents a new
pathway to high performance lithium–oxygen batteries towards
practical applications by designing cross-stacked and aligned
structures for one-dimensional conducting nanomaterials.

to electrolyte and air electrodes to enhance the electrochemical properties of Li–O2 batteries to the expected
level.[4–6] However, the problematic lithium metal anode
holds back the pace of realization of practical Li–O2 batteries
(Figure 1 a). The formation of Li dendrites during discharge/
charge processes leads to serious safety problems.[7–13] The
instability of the recurring Li accommodation and Li/electrolyte interface also results in side reactions and loss of Li
during cycling, which degrades the cycling efficiency of Li–O2
batteries with poor performances.[14, 15]

With the rapid advance of modern electronics, grid storage,

and electric vehicles, the need for high-energy-density
batteries becomes more urgent and important than at any
time in the past.[1] Lithium–oxygen (Li–O2) batteries, having
a high theoretical energy density of 3505 Wh kg@1, are widely
recognized as promising candidates.[2, 3] A Li–O2 battery
usually consists of a lithium metal anode, an electrolyte and
a porous air electrode. Thus far, much attention has been paid
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Figure 1. Depiction of the structure change for different Li metal
anodes in Li–O2 batteries: a) In a conventional Li metal anode (blue
cylinder), Li+ (blue particles) aggregates at the tips of Li protuberances, which leads to the formation of Li dendrites, “dead Li”, SEI
breakage (orange), and an O2 crossover effect after cycling. b) In a Li/
3D-CSC anode (black), Li is likely to deposit homogenously and grow
on the 3D-CSC scaffold, forming a smooth interface with high stability.

To solve these problems, some attempts have been made
to develop protective films on the surface of the Li metal to
enhance the stability of Li/electrolyte interfaces[16, 17] and
alloyed Li anodes such as lithiated silicon and Li/graphene
composites are explored to replace the Li metal.[18–22] However, the necessity to introduce a second component in both
methods largely decreases the loading capacity and utilization
ratio of reactive Li with low specific capacities, which deviates
from the goal of high energy densities in Li–O2 batteries.
Therefore, it remains a challenge to improve the safety and
cycling efficiency while maintaining the high specific capacity.
We have developed a three-dimensional cross-stacked
carbon nanotube network (3D-CSC) with deposited Li as an
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effective anode (Li/3D-CSC) for high-performance Li–O2
batteries (Figure 1 b). The 3D-CSC scaffold has several
notable advantages: 1) The aligned carbon nanotube (CNT)
network connected by an end-to-end joining mechanism[23] is
extremely lightweight (ca. 0.07 mg cm@2) with low sheet
resistance, affording accessibility to fabricate high-performance Li anodes with a minimized effect on capacity. 2) The
expandable, porous scaffold with a large surface area
facilitates uniform, dendrite-free Li deposition and mitigates
the volume change for a stable cycling performance. 3) The
electrochemical and mechanical stability makes it a compatible host for Li deposition, thus it is favored in a wide variety
of applications such as Li–O2 batteries. Owing to these merits,
the Li/3D-CSC anode delivers a reversible specific capacity
up to 3656 mAh g@1, approaching the theoretical specific
capacity of pure Li metal (3861 mAh g@1). Based on the Li/
3D-CSC anode, the obtained Li–O2 battery shows a five-fold
enhanced cycling performance of that based on commonly
used bare Li foil anodes.
The 3D-CSC was comprised of aligned CNT sheets that
were drawn from a spinnable CNT and then cross-stacked
layer by layer orthogonally.[23] The scaffold exhibited a high
specific surface area of 424.4 m2 g@1 (Supporting Information,
Figure S1) and an interconnected architecture with micrometer-sized voids of periodic interval (Figure S2). These voids
enabled Li ions to access the inner space of the 3D-CSC and
benefit from the full utilization of its large electroactive
surface (Figure S3).[9] Furthermore, the 3D-CSC showed both
high flexibility and mechanical strength (Figure S4), keeping
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its promise for the continuous production of Li–O2 batteries,
which require the capability to withstand folding, rolling, and
the other deformations.[24] The 3D-CSC can be used in a large
size or cut into small electrodes without additional current
collectors. In this study, for example, a diameter of about
10 mm and a thickness of about 1 mm was used.
Li/3D-CSC anodes were prepared by electrodeposition of
metallic Li into the 3D-CSC (Figure 2 a and Supporting
Information, Figure S5). With the deposition of Li, a characteristic peak corresponding to the (110) plane of the Li metal
appeared at 36.488 in the X-ray diffraction (XRD) pattern.[16]
Lithium can be stripped reversibly from the 3D-CSC and the
characteristic Li peak vanished after 100 Li-plating/stripping
cycles (Figure 2 b). The morphology evolution of the Li/3DCSC anode was also traced by scanning electron microscopy
(SEM). The pristine 3D-CSCs demonstrated a porous structure with micrometer-sized voids and a thicknesses of
approximately 1.1 mm (Figure 2 c,d). The transmission electron micrograph (TEM) images of the initially Li-plated 3DCSCs showed deposition in the form of Li nanoparticles on
the CNT surface (Supporting Information, Figure S6). After
electroplating Li for 1 h (areal load of 1 mAh cm@2), Li
particles with diameters of tens of nanometers emerged on
the cross-stacked CNT bundles in a uniform manner (Figure 2 e,f and Supporting Information, Figure S7). After electroplating Li for 2 h (2 mAh cm@2), the cross-stacked structure
was almost invisible at the top surface of the Li/3D-CSC, and
larger Li aggregates gradually emerged (Figure 2 g). Li was
not only deposited on the CNT bundle, but also evenly plated

Figure 2. Characterization of the Li/3D-CSC anode: a) Voltage profiles of the Li/3D-CSC anode during depositing and stripping with four
representative states labeled. b) XRD patterns for the Li/3D-CSC anode at the four states shown in (a). c),d) Top and cross-sectional SEM images
of the pristine 3D-CSC. e),f) Top morphology of the Li/3D-CSC in the “Li loading” state in two degrees of magnification. g),h) Top and crosssectional SEM images of the Li/3D-CSC in the “further Li loading” state. i),j) Top morphology of the stripped 3D-CSC in the “stripped” state in
two degrees of magnification.
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in the voids among the CNT bundles. The robust CNT scaffold was
capable to withstand the volume
change induced by Li deposition
and the thickness of the Li/3DCSC was increased to about 12 mm
(Figure 2 h). Note that after 100
cycles of Li plating/stripping, the
originally cross-stacked structure
of the 3D-CSC was restored at
the end of Li-stripping (Figure 2 i,j
and Supporting Information, Figure S8), indicating a high mechanical durability against volume
changes of the scaffold. On the
contrary, dendritic Li shot out on
the conventional planar Cu foil
current collector after 10 cycles of
Li plating/stripping (Supporting
Information, Figure S9).
To evaluate the electrochemical performance of the Li/3D-CSC
anode, symmetrical coin cells
based on 3D-CSC electrodes were
assembled. Before the electroplating process, the 3D-CSC was first
treated by an activation method
(for details, see Experimental Section and Supporting Information,
Figure S10) to remove surface
impurities and form the initial
Figure 3. Electrochemical characterization of the Li/3D-CSC anode: a) Li storage capacities of the 3DCSC at 2498 mAh g@1 (0.5 mAh cm@2) to 3656 mAh g@1 (5 mAh cm@2). b) Comparison of the Coulomb
solid–electrolyte interface (SEI;
efficiency of the Li/3D-CSC and Li/Cu foil (areal capacity: 1 mAh cm@2, current density: 1 mA cm@2).
Figure S11 and Table S1), which is
c) Voltage profiles of Li plating/stripping in three symmetric cells (Li/3D-CSC, Li/Cu foil and Li foil)
important for a high initial cycle
at 1 mA cm@2 for 1 mAh cm@2. d) Rate performance of the Li/3D-CSC anode during continuous cycling
[25]
Coulomb efficiency (CE). Then,
at current densities increasing from 1 to 15 A g@1. e) Comparison of the gravimetric and volumetric
by increasing the electroplating
capacity of the Li/3D-CSC anode with other anodes in Li–O2 batteries.
time of Li, the Li/3D-CSC could
enable gravimetric capacities
between 2498 and 3656 mAh g@1 (or between 0.5 and
cycles (Supporting Information, Figure S17) with a CE
5 mAh cm@2, see Figure 3 a). A small voltage gap of 32 mV
around 99 % (Figure 3 b and Supporting Information, Figbetween the Li plating and stripping curves was observed for
ure S18). In a stark contrast to this, the CE of the planar Cu
2498 mAh g@1, which rose to 38 mV at a ceiling specific
foil rapidly decayed to < 90 % and then intensively oscillated,
capacity of 3656 mAh g@1 (Figure 3 a), very close to the
probably due to the recurring corrosion by Li dendrites
theoretical capacity of pure lithium (3861 mAh g@1). The
(Figure S19). Next, to probe the galvanostatic cycling perforspecific capacity could be well maintained at 3 A g@1 (or
mance of the Li/3D-CSC, a long-time cycling test was
1 mA cm@2) for at least 100 cycles with a CE of over 95 %
conducted at a current density of 3 A g@1 and a Li stripping/
(Supporting Information, Figure S12). Please note here that
plating of 1 h in each cycle (Figure 3 c). Noticeably, the Li/3Dthe thickness of the Li/3D-CSC increased with the increasing
CSC showed a low overpotential of about 12 mV without
Li capacity (Figure S13). For a typical 3D-CSC (initial
fluctuation for at least 2000 h. On the contrary, the voltage
thickness of 1.1 mm), the maximum Li capacity is
profiles of the symmetrical cells from Li/Cu and Li/Li foils
3656 mAh g@1 or 5 mAh cm@2 (thickness of about 27 mm,
exhibited intensive overpotential bumps within 200 h, indicaFigures S14 and S15). By fabricating a 3D-CSC substrate
tive of the spatial variation in localized reaction kinetics on
with increased initial thickness, a higher Li deposition
the electrode surface due to the dynamic dendritic propagacapacity could be furthermore achieved (Figure S16).
tion (Figure 3 c and Supporting Information, Figure S20).
To systematically evaluate the role of the 3D-CSC during
Compared with the electrochemical impedance spectroscopy
cycling, a conventional Cu foil was introduced as a control
curves for Li/Cu and Li/Li foils, the considerably lower
sample. At a current density of 3 A g@1 with a capacity of
interfacial impedance charge transfer resistance from the Li/
3031 mAh g@1, the plating/stripping profiles of the Li/3D-CSC
3D-CSC suggested more favorable Li plating/stripping kinetics and better reversibility (Figures S21–S23) as well. The rate
kept their flatness and showed high overlap for at least 300
Angew. Chem. Int. Ed. 2019, 58, 2437 –2442
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performance of the Li/3D-CSC was then tested by cycling at
a spectrum of current densities (Figures 3 d and S24). The
voltage hysteresis increased with increasing current densities
from 1 to 15 A g@1 and kept steady at a high rate of 15 A g@1
(Figure 3 d), as aligned CNT bundles favor Li-ion diffusion
during cycling.[25, 26]
The results presented above indicate that the recurring Li
accommodation has been significantly improved for the 3DCSC scaffold: The conducting scaffold with high specific
surface area facilitates not only homogeneous Li nucleation
but also a dendrite-free deposition behavior during the later
Li growth. At the beginning of Li plating, Li ions in the
electrolyte migrate towards the surface of the 3D-CSC, driven
by the electric field and the concentration gradient.[27] When
the Li+ flux reaches the 3D-CSC, it would be homogenously
decentralized by the conductive scaffold with a high surface
area, acquiring electrons and forming nucleation sites. The
3D-CSC electrode exhibited much lower nucleation overpotentials at increasing current densities (that is, between 26
and 79 mV at current densities between 0.01 and
2.0 mA cm@2) compared to conventional current collectors
(55 to 139 mV, Supporting Information, Figure S25), verifying
a lowered resistance for Li deposition.[27] Simulation of the
electric field in scale models, performed by Ansoft Maxwell,
confirmed the improved Li+ flux uniformity in the 3D-CSC
scaffold during the Li deposition after the initial nucleation
(Figure 4 a–d). The uniform deposition of Li onto the 3D-CSC
was further confirmed by atomic force microscopy and
showed both a smooth morphology and a lower surface
potential (Figure S26). Furthermore, the robust cross-stacked
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structure is responsible for the enhanced stability of the 3DCSC anode as well (Figure S27). One CNT bundle could be
restricted by neighboring ones, avoiding the contraction of the
scaffold upon electrolyte soaking, thereby enabling a higher
durability to decrease the SEI breakage and Li protrusion
from the recurring volume change during cycling.[28, 29] The
von-Mises stress distribution demonstrated a tensile tolerance
in the 3D-CSC enhanced by about 60 % compared to other
CNT-based scaffolds (Figure 4 e–g), indicating the necessity
of the cross-stacked structure. The above combined advantages of the Li/3D-CSC contribute to the beneficial specific
capacity of 3656 mAh g@1 (or 1923 mAh cm@3, Figure 3 e and
Supporting Information, Figure S28 and Table S2).
Inspired by the successful construction of ultrahighcapacity Li/3D-CSC anodes, we then examined their effectiveness in Li–O2 full batteries with an ether-based electrolyte. Figure 5 a,b shows the discharge-charge curves of two Li–

Figure 5. Electrochemical performance of Li–O2 full batteries based on
conventional Li and Li/3D-CSC anodes: a),b) Cyclic performances of
Li–O2 batteries with a) 3D-CSC and b) bare Li foil anodes at
2000 mA g@1 under a capacity cut-off of 1000 mAh g@1. c) Corresponding cycling performances of the Li–O2 full batteries in (a) and (b).

Figure 4. Simulations showing the homogenous electric field distribution and enhanced mechanical durability in the 3D-CSC: a),b) Models
of the electric field of a) conventional Li foil and b) the 3D-CSC.
c),d) Schematic diagrams of Li deposition behavior on the surfaces of
c) Cu foil and d) the 3D-CSC. e)–g) von-Mises stress distribution of
the Li protrusions (shown as silver particles) against different CNT
scaffolds at a fixed Li deposition height for e) the 3D-CSC, f) a stacked
CNT sheet, and g) a randomly dispersed CNT film.
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O2 batteries in which the Li/3D-CSC and a bare Li foil with
the same amount of Li served as the anode. A specific
capacity cut-off of 1000 mAh g@1 was set for cyclic tests at
2000 mA g@1. Impressively, the Li–O2 full batteries using the
Li/3D-CSC anode exhibited high cycling performances for at
least 260 cycles, with highly overlapping discharge and charge
plateaus (Figure 5 a). The discharge product on the cathode
turned out to be a Li2O2 nanosheet (Supporting Information,
Figure S29). Notably, the ultimate charge voltages demonstrated negligible variations compared with the initial state,
suggesting alleviated polarization and electrolyte-related side
reactions. In contrast, the Li–O2 full batteries using the bare
Li foil anode were unable to continuously cyclize for even 50
cycles, showing increasing charge plateaus and ill-defined
discharge plateaus (Figure 5 b). Furthermore, the cycling
performance of a Li–O2 battery using the Li/3D-CSC shows
a five-fold enhancement compared to the one using a bare Li
foil (Figure 5 c).
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To understand the high performance of the Li/3D-CSC in
Li–O2 batteries, we investigated the morphology evolution of
the two anode surfaces after cycling. Prior to the first
charging, both the Li/3D-CSC and the Li foil demonstrated
relatively smooth surfaces. The surface of the Li/3D-CSC
anode remained smooth without Li dendrite formation after
cycling (Figure 6 a, right) whereas the surface of the bare Li

Figure 6. Characterization of conventional Li and Li/3D-CSC anodes
disassembled from Li–O2 full batteries after cycling: a) SEM images
and schematic illustrations showing the morphologies of bare Li foil
and Li/3D-CSC anodes after cycling. b) FTIR absorption spectrum of
the bare Li foil and Li/3D-CSC anodes after cycling. The Li/3D-CSC
anode is less contaminated than bare Li. c),d) XPS analysis (C 1s and
O 1s) of the SEI on conventional Li and Li/3D-CSC anodes after cycling
in Li–O2 batteries.

foil anode became rougher and dendritic Li and “dead Li”
piling up into a huge block could be observed after charging
and discharging (Figure 6 a, left and Supporting Information,
Figure S30), which leads to perpetual lithium depletion.
Moreover, the formation of dendritic Li kept breaking asformed SEI and the newly exposed Li spontaneously reacted
with the electrolyte, leading to the formation of unstable and
thick SEIs and depletion of the electrolyte. Fourier transform
infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy further verified this. Two kinds of anodes were
extracted from the full batteries and washed after cycling for
a comparative study. In comparison to the bare Li anode, the
characteristic peaks of surface groups like carbonyl (C=O)
(ca. 1720 cm@1), C@O (ca. 1480 cm@1) and C@F (1210 cm@1)
were very small in FTIR spectra of the Li/3D-CSC anode,[15]
indicating few byproducts stemming from electrolyte corrosion in Li–O2 batteries (Figure 6 b). The general elemental
compositionof the SEIs was investigated by X-ray photoelectron spectroscopy of the C 1s, O 1s, F 1s, and S 2p states
(Figure 6 c,d; Supporting Information, Figure S31). For the
bare Li anode, larger proportions of Li2CO3 and LiOH were
evident from peaks at 289.5 eV (C 1s, Li2CO3) and 532.0 eV
(O 1s, LiOH).[17, 19] In contrast, smaller proportions of Li2CO3
and LiOH were observed for the Li/3D-CSC anode, along
with an intensified C@C peak originating from the CNT
scaffold.
Angew. Chem. Int. Ed. 2019, 58, 2437 –2442
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Based on the results presented above, we propose that the
dendrite-free morphology along with the stable SEI induced
by the 3D-CSC can account for the enhanced cycling
performance of the Li–O2 batteries. In the bare Li foil
anode, the newly exposed Li, induced by dendrite growth,
tended to reduce the electrolyte to byproducts (that is,
precipitates containing O, C, and F). Here, the introduced 3DCSC effectively suppresses dendrite formation and mitigates
the volume change during cycling, resulting in a decrease of
side reactions and byproducts on the anode surface. Moreover, it was reported that expandable layered scaffolds are
capable of maintaining as-formed SEI.[8, 10] With the stabilized
SEI of the Li/3D-CSC, SEI cracking and further contamination during cycling can be highly suppressed, leading to
much less polarization and low internal resistance (Figure 5 a,b and Supporting Information, Figures S32 and S33).
This feature is beneficial to both battery life and rate
performance (Figure S34) of resulting Li–O2 batteries.
In conclusion, we demonstrated a general and promising
strategy by designing a cross-stacked and porous structure for
ultrahigh-capacity Li anodes that can be applied to a variety
of one-dimensional conducting nanomaterials with the combined advantages of a high specific surface area, periodic
porosity, a low mass density and high mechanical durability.
The presented Li/3D-CSC anode showed an unexpected
specific capacity near to the theoretical value of pure Li with
a high stability. When used in Li–O2 batteries, the cycling
stability of this anode was significantly enhanced thanks to the
dendrite-free morphology and stabilized SEI. This work may
have opened up a new avenue to fully implement the
advantages of Li–O2 batteries into future applications.
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