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power sources for electric vehicles and 
electronics.[4–7] In such a context, next-
generation LIBs era with Li metal anode is 
spring up including Li–S, Li–O2, and solid-
state Li batteries, which require high gravi-
metric capacity anodes and cathodes.[8–13] 
The maximum gravimetric capacity of 
cells would be significantly increased if 
Li is deposited on the anode directly as 
pure Li metal rather than stored in inter-
calation compounds such as graphite in 
LIBs during the charge/discharge pro-
cesses. The theoretical capacity based on 
lithiated graphite is about 372 mA h g−1, 
while pure Li metal theoretically delivers 
3860 mA h g−1. Therefore, Li metal anode 
is strongly considered recently.[14–17]

In spite of the huge potential for high-
energy-density device, the practical appli-
cation of Li metal to a rechargeable anode 
is bumpy and has many challenges.[18,19] 
The most tough one is that Li metal prob-
lematically forms dendrites and related 
unstable structures during repeated 

plating/stripping. The fresh metallic deposit acts as an active 
site inducing reductive decomposition of electrolyte compo-
nents. Part of the irregular deposition may become electrically 
isolated, and shedding may also occur.[20] Therefore, the disor-
dered Li deposit gives rise to a poor Coulombic efficiency and a 
short cycle life. The metallic Li dendrites may easily penetrate 
into the separator and eventually induce internal short circuit, 
resulting in severe safety problem.[21,22]

To circumvent these issues, great efforts are devoted to 
exploring dendrite-free Li metal anodes. Many emerging strat-
egies have been investigated to enhance the electrochemical 
performance of Li metal anode: (1) Electrolyte additive is intro-
duced into the electrolyte to form stable solid electrolyte inter-
phase (SEI) film and reaction interface.[23–28] (2) Buffer layer or 
ion transfer layer is fabricated on the surface of Li metal by 
physical, chemical, or electrochemical methods and ensures 
homogeneous deposition of Li during cycling.[29–32] (3) Solid-
state electrolyte is established on the surface of Li and proven to 
inhibit the dendrite growth.[33–35] (4) Highly porous conductive 
matrix is applied to guide the uniform deposition of Li metal 
in a working cell.[36–40] If the Li metal can be well protected 
by stable SEI, extra space is therefore required for the volume 
expansion/shrink of Li metal. Therefore, design/fabrication 
of novel porous conductive matrix is particularly important 

Construction of stable dendrite-free Li metal anode is crucial for the develop-
ment of advanced Li–S and Li–air batteries. Herein, self-supported TiC/C 
core/shell nanowire arrays as skeletons and confined hosts of molten Li 
forming integrated trilayer TiC/C/Li anode are described. The TiC/C core/
shell nanowires with diameters of 400–500 nm exhibit merits of good lithi-
ophilicity, high electrical conductivity, and abundant porosity. The as-prepared 
TiC/C/Li anode exhibits prominent electrochemical performance with a small 
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ance. A fresh way for construction of advanced stable Li metal anodes is 
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Metal Anodes

The successful commercialization of lithium ion batteries 
(LIBs) has greatly prompted the rapid development of modern 
electronics since the 1990s.[1–3] Undoubtedly, this prosperity 
will continue in the coming decades. Despite great progress, 
the limited energy density of LIBs with graphite anode is the 
bottleneck to meet the growing demand of high-energy-density 
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for constructing advanced Li metal anode because the porous 
conductive matrix can not only decrease the reaction current 
density to suppress the growth of Li dendrites, but also afford 
host/space to accommodate or restrain volume expansion 
during cycling.[41,42] Recently, Liang et al.[43] and Zhang et al.[44] 
described 3D electrospun carbon fibers and porous carbonized 
wood as conductive frameworks as Li host and achieved low 
voltage hysteresis and excellent cycling performance, respec-
tively. However, these conductive skeletons are usually lithio-
phobic “hosts,” which require a second induced phase (e.g., Si, 
ZnO) to react with molten Li to provide bonding interactions 
for encapsulation of Li metal. Inevitably, undesirable impuri-
ties are introduced into the Li metal and affect the stability of 
SEI. Consequently, it is highly desirable to design/fabricate 3D 
porous conductive matrix with lithiophilic property. Simultane-
ously, molten Li is preferred to directly accommodate in the 
3D conductive matrix via thermal infusion to achieve homo-
geneous Li distribution. The molten Li avoids the impure spe-
cies, which appeared in the electrodeposited Li.[45,46]

In this contribution, we report a dendrite-free TiC/C/Li 
anode through rational combination between molten Li and 3D 
porous lithiophilic TiC/C array skeleton. The TiC/C core/shell 
nanowires with excellent lithiophilicity are applied as scaffolds. 
The Li metal is penetrated into the TiC/C skeleton in molten 
state. Owing to the unique nanostructure, the TiC/C/Li com-
posite anode exhibits a small hysteresis of less than 85 mV 
beyond 200 cycles at a high current density of 3 mA cm−2. 
When the nanostructured Li anode couples with lithium iron 
phosphate (LFP) or sulfur cathode, the assembled full cells 
exhibit exceptional performance with better capability retention 
and improved Coulombic efficiency.

The overall schematics of fabrication process of TiC/C/Li anode 
and morphology characterization are shown in Figure 1. First, 
the free-standing TiC/C core/shell nanowire arrays are grown 
on the Ti6Al4V foil by a facile one-step chemical vapor deposition 
(CVD) method. The TiC/C core/shell nanowires show diameters 
of 400–500 nm, high electrical conductivity (6.8 × 10−5 Ω·cm),[47] 
and large porosity. Herein, the TiC/C core/shell nanowire arrays 
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Figure 1. a) Schematic illustration of fabrication process of TiC/C/Li anode. b) XRD patterns of Ti6Al4V substrate, TiC/C nanowires, and TiC/C/Li anode. 
c,d) Cross-sectional and top-view SEM images of TiC/C nanowires arrays. e) TEM-HRTEM images of a single TiC/C core/shell nanowire (low-magnification 
TEM image in inset). f) Cross-sectional SEM image of TiC/C/Li anode and corresponding internal feature (inset) after melt-infusion process. g) Top-view 
SEM image of TiC/C/Li anode (photo image in inset). h) TEM image of TiC/C/Li composite nanowire (low-magnification TEM image in inset).
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on the Ti6Al4V foil substrate serve as the skeleton for the loading 
of molten Li forming the final TiC/C/Li anode via a simple 
molten infusion process (Figure 1a).

The phase evolution of the TiC/C and TiC/C/Li is monitored 
by X-ray diffraction (XRD) (Figure 1b). In addition to the diffrac-
tion peaks of Ti6Al4V foil, new strong characteristic peaks of TiC 
(JCPDS 65-0242) and carbon (JCPDS 75-1621) appear due to the 
growth of TiC/C core/shell nanowires. The diffraction peak at 
25.6° belongs to the amorphous carbon shell in the TiC/C core/
shell skeleton. Followed by subsequent composite with molten 
Li, the sharp peaks of metallic Li are clearly detected suggesting 
the successful loading of Li metal. The detailed morphology 
transformation is demonstrated by scanning electron microscope 
(SEM) and transmission electron microscope (TEM) images 
shown in Figure 1c–h. As shown in Figure 1c, the TiC/C core/
shell nanowires grow quasi-vertically to the substrate forming 
3D porous array skeleton with a height of ≈15 µm. The substrate 
is uniformly decorated by the TiC/C core/shell nanowires with 
diameters of 400–500 nm (Figure 1d). The surface of the TiC/C 
core/shell nanowires is rough. This core/shell structure is clearly 
distinguished by the TEM image (Figure 1e). Note that the TiC 
core of 50–60 nm is homogeneously wrapped by the carbon 
shell, supported by the energy dispersive spectrometer (EDS) 
elemental mapping result (Figure S1, Supporting Information). 
The measured interplanar spacing is about 0.25 and 0.22 nm, 
corresponding to (111) and (200) planes of TiC phase (JCPDS 
65-0242), respectively.[48,49] However, the carbon shell does not 
exhibit obvious lattice fringe, indicating its amorphous nature.

Once the TiC/C skeleton is in contact with molten Li, the 
liquid Li metal spreads quickly across the whole scaffolds 
(Movie S1, Supporting Information). The surface of the final 
TiC/C/Li anode is with several 1–3 µm protuberances. The 
TiC/C skeleton is completely filled by the molten Li, which 
flows into the gap between TiC/C nanowires and simultane-
ously covers the skeleton of the aligned nanowires (Figure 1f,g). 
The propagation of molten Li along the TiC/C skeleton is fur-
ther confirmed by partial contact. The boundary image dem-
onstrates that the molten Li can homogeneously immerse into 
TiC/C nanowires skeleton (Figure S2a, Supporting Informa-
tion). Additionally, to validate the stability of TiC/C skeleton 
during melt-infusion process, we immerse the TiC/C/Li elec-
trode into the deionized water to etch Li metal. We confirm 
that the TiC/C skeleton is very stable and remains its original 
aligned morphology (Figure S2b, Supporting Information). 
For comparison, as shown in Figure S2c (Supporting Informa-
tion), the bare Li anode shows a smooth surface without extra 
skeleton. According to the TEM image of TiC/C/Li nanowire 
scratched from the substrate, the Li is strongly anchored on the 
surface of TiC/C core/shell nanowires. A trilayer structure is 
therefore achieved on the TiC/C/Li electrode. The lithiophilic 
property of TiC/C skeleton is mainly attributed to two factors. 
(1) The capillary force among the TiC/C nanowires affords a 
powerful driving force to embed molten Li into the macropores. 
(2) Due to the presence of elemental Al at Ti6Al4V foil substrate, 
the strong metal–metal interaction between Al and Li to form 
Li-Al alloy[50] enhances the adsorption behavior.

To illustrate the advantages of the nanostructured TiC/C/Li 
electrode, the electric field distributions of bare Li and TiC/C/
Li anode after Li nuclei formation are simulated by Ansoft 

Maxwell software. The proportional schematics of electric 
field distribution are visualized during Li deposition for two 
different electrode geometries: Li electrodes with and without 
vertically aligned TiC/C matrix inside (initial model and addi-
tional parameters are available in Figure S3 in the Supporting 
Information). Figure 2a exhibits the electric field intensity 
around the nuclei for bare Li metal anode. Regions with dra-
matically increased electric field are known as tip effects. They 
are clearly visible in red. This indicates that Li ion flux is more 
easily adsorbed to the protruding nuclei, which causes fur-
ther dendrite growth and SEI breakage. In contrast, when the 
TiC/C scaffold is introduced as the matrix to accommodate Li 
deposition, the electric field streamlines exhibit more uniform 
distribution. No hotspot or tip effect can be found at the sur-
face of Li nuclei (Figure 2b). It is speculated that every TiC/C 
nanowire works as an individual pathway to transport electrons 
for Li deposition, and thus effectively homogenizes Li ion dis-
tribution and shields any electric field perturbations for the Li 
deposition. For clarity, mechanism schematics of two different 
structure evolutions have been provided (Figure 2c,d). During 
repeated stripping/plating cycles, both volumetric change 
and dendritic Li growth easily break the SEI layer on bare Li 
metal, leading to Li ion aggregation near the cracks and con-
sequently serious filamentary growths with rapid consumption 
of organic electrolyte (Figure 2c). On the contrary, as proposed 
in Figure 2d, with the help of the 3D TiC/C arrays scaffold, 
uniform Li nucleation and growth are achieved. This is attrib-
uted to the fact that the local current density is significantly 
decreased and Li dendrite growth is alleviated. Meanwhile, the 
huge volume change during electrochemical cycling process is 
also well restricted, and the stability of SEI film is significantly 
improved. Consequently, TiC/C/Li anode is expected to be with 
stable cycling performance in a working cell.

To verify the importance of TiC/C introduction, two-electrode 
symmetric cells are assembled to investigate the stripping/
plating performance at the current density of 1.0 mA cm−2. 
After stripping away 5.0 mA h cm−2 Li, the matrix keeps the 
intact framework of aligned TiC/C structure with lumpy Li 
residual left at the bottom (Figure 2e), revealing that the Li layer 
is dissolved from top to bottom during the stripping. Subse-
quently, when 3.0 mA h cm−2 Li is plated, dense Li is observed 
on TiC/C arrays without dendrite growth. The Li is deposited 
on the substrate and partially filled into the interspace between 
TiC/C nanowires (Figure 2f). It is inferred that the Li nuclea-
tion site gradually transfers from TiC/C skeletons to the bottom 
Li reserved. Finally, after plating the surplus 2.0 mA h cm−2 Li 
(Figure 2g), the TiC/C/Li anode exhibits a relatively smooth sur-
face again, turning out a uniform stripping/plating behavior. 
The above results suggest that the established model is con-
sistent with the experiment results. The TiC/C skeleton effec-
tively decreases the current density and affords free space for 
volume change, leading to inhabitation growth of Li dendrites 
and stable SEI film.

The morphology of the TiC/C/Li and bare Li anodes after 
galvanostatic stripping/plating for 10 cycles at different cur-
rent densities (e.g., 0.5, 1.0, and 3.0 mA cm−2) is displayed in 
Figure 3. The bare Li anode exhibits a rough morphology with 
plenty of rugged sites, massive cracks, and holes (Figure 3a,c). 
Moreover, the bare Li anode exhibits a rougher surface with 
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rugged Li deposition, and the Li dendrite growth is becoming 
more and more serious with the rise of current density. Con-
versely, no dendrite is observed for the TiC/C/Li electrode at a 
current density of 0.5 mA cm−2 (Figure 3d) and 1.0 mA cm−2 
(Figure 3e). The TiC/C/Li electrode maintains a quite smooth 
surface even at a current density of 3 mA cm−2 (Figure 3f), 
which further demonstrates the advantage of aligned TiC/C 
scaffolds on suppressing the dendrite growth. The TiC/C/Li 
anode exhibits a much lower overpotential and smaller voltage 
fluctuations by comparing voltage profiles at the 10th cycle 
(Figure S4, Supporting Information). Such dramatic difference 
indicates superior Li deposition/dissolution of the TiC/C/Li 
anode.

Electrochemical cycling stability of symmetric cells is inves-
tigated by comparing the voltage profiles at different current 

densities. The pure Li anode displays a considerable increase 
in hysteresis. In contrast, the TiC/C/Li anode exhibits a much 
lower overpotential and more stable voltage profiles. As shown 
in Figure 4a, the bare Li anode shows an erratic voltage 
response after 100 cycles arising from capacity failure or even 
short circuit[51,52] at 0.5 mA cm−2 with each half cycle for 2.0 h. 
On the contrary, the symmetrical cell based on TiC/C/Li elec-
trode maintains a flat Li stripping/plating plateau with a con-
stant overpotential within 20 mV for 200 cycles.

The excellent stability is also indicated at larger current den-
sities. The stripping/plating overpotential of TiC/C/Li anode 
is within 42 and 85 mV at 1.0 and 3.0 mA cm−2, respectively, 
which keeps stable during the whole cycles (Figure 4b,c). This 
indicates the dendrite-free deposition of TiC/C/Li electrodes. 
Comparatively, large overpotentials are detected for the bare 
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Figure 2. Simulation models of electric field values of a) bare Li anode and b) TiC/C/Li anode after Li nuclei formation. Schematic diagrams of Li strip-
ping/plating behavior of c) bare Li metal electrode and d) TiC/C/Li electrode. e–g) Morphology evolution of TiC/C/Li electrode with different amounts 
of Li stripping/plating.
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Li electrode (40 to 110 mV after 70 cycles at 1.0 mA cm−2, 
and >500 mV after 60 cycles at 3.0 mA cm−2). Similar running 
trend occurs at high current density of 5.0 and 10 mA cm−2, 
respectively (Figure S5, Supporting Information). The signifi-
cant difference in these profiles reflects the poor stability of 
pristine Li anode, which is ascribed to the nonuniform deposi-
tion of Li ions and irregular growth of dendrites. Impressively, 
the TiC/C/Li anode exhibits outstanding cycling stability and 
constant flat hysteresis without voltage swing due to the fact 
that aligned TiC/C scaffold renders the composite anode with 
homogeneous Li+ flux, accompanying with uniform Li nuclea-
tion and growth.

The TiC/C/Li anode also exhibits outstanding rate perfor-
mance in a working cell (Figure 4d; Figure S6, Supporting 
Information). During the switch of different current densities, 
the overpotential of the bare Li anode fluctuates wildly, espe-
cially at 3.0 and 5.0 mA cm−2 with a hysteresis even nearly 
1000 mV, suggesting the large kinetic obstacle for nonuniform 
Li plating/stripping. In contrast, there is a stable polarization 
vibration in the voltage value of symmetric TiC/C/Li cells, with 
an overpotential lower than 100 mV even at 5.0 mA cm−2.

The electrochemical impedance spectroscopy (EIS) measure-
ments of symmetric cells were performed to probe the interfa-
cial impedance of the TiC/C/Li anode. The diameter values of 
semicircles at high- and low-frequency regions in the Nyquist 
plots are associated with the SEI formation on the electrode 
surface, and the charge transfer process between the electrode 
interface and electrolyte, respectively (Figure 4e).[53,54] The 
equivalent circuit is illustrated as the inset of Figure 4e. Re, 
Rf, and Rct refer to the electrolyte resistance, SEI film, and the 
charging transfer resistance, respectively. Their corresponding 
values are listed in Table S1 in the Supporting Information. 
Apparently, the TiC/C/Li anode possesses lower values (about 
3−5 times) of Re, Rf, and Rct than those of the bare Li anode, 
indicating that a protective and uniform SEI film is formed 
on the surface of TiC/C/Li anode with better conductivity and 
smaller inner resistance. Similar EIS results are found after 
20 cycles at 0.5 mA cm−2 (Figure S7, Supporting Information). 
The dendrite clusters and uneven surface of bare Li anode 

after cycling can be obviously distinguished after rate cycling 
(Figure S8, Supporting Information). The TiC/C/Li anode 
exhibits a relatively flat surface with little mossy-like dendrite 
growth, demonstrating that the TiC/C scaffolds can effectively 
alleviate volume change and suppress the Li dendrite growth.

To evaluate the sustainability of anode, we assembled 
two-electrode cells (Li vs TiC/C or Cu foil) to compare the 
Coulombic efficiency, which refers to the ratio of the amount 
of Li stripping versus the amount of Li plating. In each cell 
test, the charge time is regulated by fixing the amount of Li 
depositing for 1.0 mA h cm−2, and the discharge process is con-
trolled by a cut-off voltage at 1.0 V. The Coulombic efficiency of 
the TiC/C anode could maintain around 98.5% for 100 cycles 
at 1.0 mA cm−2 (Figure 4f), which is superior to the Cu foil 
counterpart (39% after 30 cycles). When the current density 
increases to 3.0 and 5.0 mA cm−2 (Figure S9, Supporting Infor-
mation), the Cu foil electrode presents much worse Coulombic 
efficiency during cycling stemming from uneven Li deposition 
and irreversible Li loss at a high current density. In contrast, the 
TiC/C-based anode exhibits an average Coulombic efficiency of 
about 96.6% and 94.8% at 3.0 and 5.0 mA cm−2, respectively. 
These results are also better than other porous scaffolds used in 
Li anode in previous literature (Table S2, Supporting Informa-
tion). This enhancement is due to the positive effect from the 
TiC/C skeleton, which can effectively decrease current density 
and ensure a homogeneous Li deposition with less consump-
tion of Li metal and electrolyte.

Li metal within the TiC/C skeleton is completely stripped at a 
current density of 0.5 mA cm−2 with a voltage cut-off of 2.0 V to 
probe the Li stripping performance. As shown in Figure 4g, the 
TiC/C/Li electrode delivers a high capacity of 3110 mA h g−1,  
which refers to the value of the electric charge quantity of Li 
stripped versus the mass of molten Li infused. Benefiting from 
the stable conductive TiC/C array framework, reduced current 
and homogenous Li+ flux distribution render high utilization 
of Li metal.

To demonstrate the potential applications of the current 
nanostructured TiC/C/Li anode, full cells with LFP or sulfur 
cathode and TiC/C/Li anode were assembled. The cell with 

Adv. Energy Mater. 2017, 1702322

Figure 3. SEM images of Li metal electrodes after 10 cycles at different current densities. a–c) Bare Li anode. d–f) TiC/C/Li anode; (a, d) 0.5 mA cm−2, 
(b, e) 1.0 mA cm−2, (c, f) 3.0 mA cm−2. The amount of Li cycled was 1.0 mA h cm−2 in every case.
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LFP cathode and TiC/C/Li anode exhibits an initial capacity of 
138 mA h g−1 and presents only less than 12 mA h g−1 capacity 
degradation for 200 cycles (Figure 5a, the first three activation 
cycles are excluded). This is much better than the counterpart  

with LFP cathode and routine Li metal anode (93.6 mA h g−1 after 
200 cycles). Similar running trend is observed in the Li–S bat-
teries (Figure 5b). A high capacity of ≈890 mA h g−1 is achieved 
at 0.5 C after 200 cycles for the cell with TiC/C/Li anode, nearly  
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Figure 4. Galvanostatic discharge/charge voltage profiles of bare Li and TiC/C/Li electrodes in symmetric coin cells at a) 0.5 mA cm−2, b) 1 mA cm−2, 
c) 3 mA cm−2 with a stripping/plating capacity of 1 mA h cm−2 for 200 cycles. Insets in (a–c) are enlarged typical profiles of 50th and 150th cycles of 
TiC/C/Li electrode. d) Rate capability profiles of the symmetric cells. e) Nyquist plots for bare Li and TiC/C/Li electrodes in symmetric coin cells after 
rate cycling. f) Coulombic efficiency comparison of TiC/C and Cu foil-based anode with a lithiation capacity of 1 mA h cm−2 at a current of 1 mA cm−2. 
g) A typical Li-stripping curve of the TiC/C/Li electrode at a current density of 0.5 mA cm−2.
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86% of the original capacity with only a 0.076% decay per cycle. 
However, the capacity of cell with bare Li anode decreases from 
881.8 to 403.6 mA h g−1, especially serious after 70 cycles. These 
results confirm the excellent capacity retention and remarkable 
rate capability of the TiC/C/Li anode for high-performance Li 
metal batteries. The boosted performance is attributed to the 
3D TiC/C arrays skeleton, which not only helps in reducing the 
current density suppressing the dendrite growth, but also helps 
to form fluorinated compound on the surface of Li stabilizing 
the SEM film, confirmed by X-ray photoelectron spectroscopy 
(XPS) analysis (Figure S10, Supporting Information).

Several recent works have been reported on the nanostruc-
tured scaffolds (e.g. graphite,[55] graphene,[38] nitrogen doped 
carbon,[56] Cu nanowires[57]) for safe Li metal anode. However, 
most of the carbon- or metal-based frameworks are lithio-
phobic, and complex electrodeposition is therefore requested to 
achieve a composite Li metal anode. The Li nucleation is diffi-
cult, and the related materials processing is therefore complex. 
Herein, the current dendrite-free TiC/C/Li anode exhibits the 
following merits: (1) The aligned TiC/C is lithiophilic, which 
provides anchoring sites to molten Li metal; (2) The Li metal is 
penetrated into the TiC/C skeleton in molten state, which has 
no other barrier or impurity; (3) The aligned TiC/C is highly 
conductive, which redistributed the large current into ultralow 
local current density, which guides the uniform Li plating; 
(4) The composite TiC/C/Li anode can pair with LFP and S 
cathode in different electrolytes and exhibited enhanced perfor-
mance in full Li metal cells. Both large capability retention and 
improved Coulombic efficiency are therefore achieved; (5) The 
facile fabrication of the host and composite Li metal through 
a mild and controllable thermal treatment and their imple-
mentation as composite anode for Li metal batteries have been 
achieved. This demonstrates a material-efficient route toward 
fully demonstrating the desirable merits from their compo-
nents and related energy storage applications. However, for 
practical applications, the rational match of the cathode, elec-
trolyte, and anode is still one of the most critical challenges. 
Apart from designing an effective Li metal anode in this contri-
bution, emerging methodologies for stabilizing the electrolyte/
electrode interfaces are urgently demanded.

In summary, a nanostructured TiC/C/Li anode with trilayer 
structure is fabricated through the facile filling of molten Li into 
a CVD-grown TiC/C core/shell nanowire arrays. This rational 
combination of TiC/C and Li metal renders outstanding merits, 
including reduced current density, stabilized SEI film, and 

limited volume change, and therefore suppresses the den-
drite growth in a working cell. Compared with the routine Li 
metal foil anode, the current TiC/C/Li anode-based full cells 
(coupled with LFP or sulfur cathode) exhibit lower hysteresis, 
enhanced cycling stability, and higher Coulombic efficiency at 
every working current density. The 3D porous TiC/C arrays are 
responsible for the electrochemical reinforcement due to better 
volume accommodation, strong mechanical support, and high 
transfer path of ions/electrons. Our research affords an alterna-
tive way to construct novel 3D current collector for advanced 
safe Li metal anode, which is of great importance for next- 
gene ration Li–S and Li–air batteries.

Experimental Section
Material Synthesis: The TiC/C core/shell nanowire arrays were 

fabricated by a facile CVD growth. Firstly, Ti6Al4V foils were degreased 
ultrasonically in ethanol for 20 min and then washed with deionized 
water to remove any impurity attached on the metal foil. Then, the 
Ti6Al4V foil was dried in a vacuum oven. Subsequently, the Ti6Al4V 
foils were laid at the center of a horizontal tube furnace. The residual 
oxygen in the tube was removed by pure Ar before reaction to ensure the 
reaction was under inert atmosphere. Then acetone was introduced into 
the chamber by bubbling with Ar at a flow rate of 150 sccm. The TiC/C 
core/shell nanowires were formed after CVD for 3 h at 850 °C.

To fabricate the TiC/C/Li anode, a facile melt-infusion method was 
applied to absorb molten Li into the TiC/C skeleton in an Ar-filled glove 
box. Until the Li metal was completely molten at 300 °C, the side of the 
TiC/C skeleton was directly contacted with the molten Li. The molten 
Li was absorbed inside the scaffold within 30 s and penetrated into the 
whole 3D matrix, forming the composite TiC/C/Li anode.

Material Characterization: The morphologies and element 
distributions of samples were probed by using a field emission SEM 
(Hitachi S4800) and TEM (JEOL 2100F) coupled with an energy-
dispersive X-ray spectrometer. Both XRD patterns were obtained with 
Cu Kα radiation (RigakuD/Max-2550) and XPS and were characterized by 
using an ESCALAB_250Xi X-ray photoelectron spectrometer with Al Kα 
X-ray as the excitation source. To avoid direct contact with air, samples 
containing Li metal were all transferred in a home-made device filled 
with pure Ar.

Electrochemical Measurements: All cells (CR2025 type) were assembled 
in an Ar-filled glovebox with water and oxygen contents less than 1 ppm 
using the same separator Celgard 2400. The electrolytes employed herein 
were either 1.0 m lithium hexafluorophosphate (LiPF6) in 1:1 v/v EC/
DEC for carbonate-based system study or 1.0 m bis (trifluoromethane) 
sulfonamide lithium salt (LiTFSI) in 1:1 v/v dimethoxyethane (DME) 
and 1,3-dioxolane (DOL) with 1.0 wt% lithium nitrate (LiNO3) additive 
for ether-based system (only used for test Coulombic efficiency of Li 
metal anode and cycling performance in Li–S system). The cycling 

Figure 5. a) Capacity retention of Li-LiFePO4 batteries with different anodes at 5 C (1 C = 170 mA g−1). b) Capacity retention of Li–S batteries with dif-
ferent anodes at 0.5 C (1 C = 1675 mA g−1).
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performance was carried out on a standard eight-channel LAND battery 
test system. The EIS measurements were performed on a PARSTAT 
MC multichannel electrochemical workstation over a frequency range 
of 100 kHz to 10 mHz, and the amplitude was set to 10 mV. For the 
galvanostatic cycling in symmetrical cells to probe the electrochemical 
behavior of Li stripping and plating, the cells were cycled with binary 
carbonate electrolyte of 60 µL and bare Li–metal anode or TiC/C/Li 
anode as the working and counter electrode, respectively. To measure the 
Li Coulombic efficiency, the obtained TiC/C substrate or Cu foil was used 
as the working electrode and Li metal as the counter electrode with 40 µL 
ether-based electrolyte. The cells were first cycled at 0−1 V (vs Li+/Li)  
at 0.05 mA for 3 cycles for activation and SEI formation. The following 
procedures were to deposit the fixed amount of Li (1.0 mA h cm−2) at 
different current densities and stripping Li until the voltage reached up 
to 1.0 V (vs Li+/Li) at the same current density.

To fabricate LFP (1 C = 170 mA h g−1) or sulfur (1 C = 1650 mA h g−1)  
cathode for the half or full cell battery testing, the active materials (LFP 
powders or sulfur) were mixed with carbon black and polyvinylidene 
fluoride (PVDF) binder at a weight ratio of 8:1:1 with N-methyl-2-
pyrrolidone as the solvent. LFP powders were purchased from Kejin 
Company (Shen Zhen, P198-S21). Preparation of sulfur-active material: 
1.0 g carbon and 4.0 g sulfur powders were milled on a planetary ball 
mill at 250 rpm for 12 h under CO2 of 8.5 MPa. Finally, the as-prepared 
composites were transferred into a 100 mL Teflon-lined autoclave and 
maintained at 155 °C for 12 h to obtain sulfur cathode. Areal mass loading 
of LFP or Sulfur cathode was about 3.0 or 2.0 mg cm−2

, respectively.
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