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Abstract
Dendritic lithium (Li) deposition is a critical issue hindering the development of next-generation high-energy-
density Li metal batteries (LMBs). Confining Li deposition within a three-dimensional host is a general strategy to 
suppress the volume expansion of the Li electrode. However, precise control of continuous Li growth in the pore 
space of the host is rarely investigated, which is a crucial issue to enable a high utilization ratio of the hosted Li for 
practical LMBs. Herein, a novel hierarchical host structure possessing a multifunctional secondary porous structure 
to regulate the continuous Li growth with high uniformity and reversibility is proposed. The secondary porous 
structure consisting of carbon nanotubes, nickel and Li2O-enriched solid electrolyte interphase is in-situ generated 
via lithiation reaction of a modified nickel foam scaffold, exhibiting high lithiophilicity, fast Li+ transportation and 
charge transfer. The LMB utilizing Li metal electrodes hosted by this rational structure achieved a stable cycling 
over 300 cycles with a practical LiFePO4 positive electrode (~2.5 mAh cm-2) at 0.5C/0.5C in the voltage window of 
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Li metal electrode in practical LMBs.

Keywords: Li metal battery, Li metal electrode, dendrite, volume expansion, carbon nanotube, host structure

INTRODUCTION
Developing high-energy-density rechargeable batteries is becoming a central topic in scientific and 
industrial communities due to the ever-growing market of electric vehicles[1]. The state-of-the-art lithium 
(Li) ion batteries relying on graphite negative electrodes with a low specific capacity (372 mAh g-1) are 
approaching their energy density limits, which are still below the required levels for application in long-
range electric vehicles[2]. Consequently, the exploration of alternative materials to replace graphite is 
urgently needed. Li metal is considered as a promising candidate due to its ultrahigh theoretical specific 
capacity (3,860 mAh g-1) and the lowest redox potential (-3.04 V vs. the standard hydrogen electrode)[3,4]. 
However, its utilization in rechargeable batteries is challenged by several issues. Unlike the Li intercalation/
extraction reactions in graphite, which involve a low volume expansion of ~8% upon charge/discharge 
processes[5], the Li stripping/plating processes occurring on the hostless Li surface can cause a large volume 
expansion over 100% for a negative/positive capacity ratio of 1. The latter is a critical factor for the practical 
configuration of Li metal batteries (LMBs)[2]. Moreover, the electrodeposited Li often forms in dendritic or 
mossy morphologies, which not only aggravate the uneven volume expansion but also pierce the fragile 
solid electrolyte interphase (SEI). Additionally, the SEI cracks consume fresh Li for secondary side reactions 
with the electrolyte during cycling. These factors lead to rapid battery failure and eventual safety 
accidents[4]. Hence, stabilizing Li metal electrodes for long-term cycling is a prerequisite for widespread 
application of LMBs.

Numerous research endeavors have been devoted to addressing the aforementioned issues associated with 
Li metal electrodes. Apart from optimizing electrolytes and constructing artificial protection layers to 
improve the stability of the Li/electrolyte interface[6-13], three-dimensional host structures are deemed 
effective in mitigating the volume expansion of deposited Li due to the void space serving as a preserved Li 
storage place[14,15]. Additionally, the large areal surface of the host, based on carbon- and metal-based 
scaffolds, can reduce the local current density and provide more nucleation sites for Li deposition[16-18]. 
Besides these general advantages, further optimizations of the host structures were achieved through the 
surface structuring of the substrates (nano-fibers, nano-spheres, nano-flowers, etc.) to increase the surface 
area with decreased local current density[19-21], and/or the application of lithiophilic surface coatings (SnO, 
CuO, ZnO, etc.) to guide Li deposition across the inner space of the host[22-24]. Despite these advancements, 
an important issue has rarely been addressed yet, namely, the regulation of continuous Li growth in the 
pore space. This is particularly important for applying Li metal electrodes in practical batteries that use a 
low Li amount in the negative electrode and a thick positive electrode, thus requiring a high utilization ratio 
of Li metal in the host structure[2]. In a conventional three-dimensional e- conducting scaffold with void 
pores, after the initial nucleation and deposition of a thin Li layer, further Li growth will occur on the top of 
the host due to the fast e- conduction to the host surface in an uncontrolled manner [Figure 1A], thereby 
limiting the Li-host composite electrode performance under high-capacity cycling conditions.

Recent studies show that hierarchical hosts consisting of a primary conducting backbone with large pores to 
accommodate Li electrodeposition with global structural stability, and a multifunctional secondary porous 
structure to regulate continuous Li growth with high uniformity within the host, can be a good approach to 
addressing the above issue[25,26]. However, the complex synthesis processes of these hierarchical structures 
remain a concern. Herein, we propose a novel hierarchical host structure obtained through a facile casting-

2.5-4.4 V. This work provides a novel approach to designing the host microstructure for constructing more stable 
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Figure 1. Schematic illustration of Li electrodeposition in (A) conventional host structure with void pores and (B) hierarchical host 
structure with multifunctional secondary porous structures.

annealing process. Specifically, nickel foam (NF), which has a higher Li affinity than that of Cu, is selected 
as the primary backbone[16], which is filled with carbon nanotubes (CNT). Through a facile and scalable 
annealing process, abundant NiO particles are generated within the CNT network. This substructure is then 
decorated by metallic Ni particles and Li2O-enriched SEIs after the initial lithiation, resulting in 
multifunctional secondary porous structures featuring high lithiophilicity, fast Li+ transportation and charge 
transfer [Figure 1B]. The LMB utilizing Li metal electrodes hosted by this rational structure achieved stable 
cycling over 300 cycles with a practical positive electrode loading (~2.5 mAh cm-2). This remarkable 
performance highlights the critical importance of regulating continuous Li growth within the inner pores of 
the host structure to achieve high utilization of the hosted Li. The proposed design and the results from this 
work are promising to applying three-dimensional hosted Li electrodes in developing safer high-energy-
density LMBs. As other metal electrodes (such as sodium, zinc, and potassium) also suffer from the large 
volume expansion and dendrite growth[27-29], the host structure proposed in this work is expected to improve 
the cycling performances of these metal electrodes for a wide application range in the energy storage field.

MATERIALS AND METHODS
Materials
NF was purchased from Suzhou Sinero Tech. Co. Ltd. CNTs were obtained from Jiangsu XFNANO 
Materials Tech. Co. Ltd. Polyacrylonitrile (PAN) and N-Methyl-2-pyrrolidinone (NMP) were purchased 
from Aladdin. LiPF6, ethylene carbonate (EC), diethyl carbonate (DEC), and fluoroethylene carbonate 
(FEC) were purchased from Suzhou Dodo Chem. All chemicals were used directly without further 
treatment.

Sample preparation
CNT-coated NF (denoted as NF-CNT) was prepared via a conventional casting process. CNT and PAN 
with a weight ratio of 2:8 were mixed by adding appropriate amount of NMP solvent (with a PAN:NMP 
weight ratio of 1:9), followed by stirring until a homogeneous mixture was obtained. Afterward, the slurry 
was cast on an 8 cm × 8 cm NF. The as-obtained NF-CNT was dried at 60 °C for 2 h, followed by heating in 
air at a rate of 5 °C min-1 up to 500 °C, and then maintained for 30 min to obtain the NF-CNT500 sample. 
In our previous work, the carbon-like cross-linker derived from the pyrolysis of the PAN binder can greatly 
stabilize the cycling performance of silicon electrodes that also feature large volume expansion[30]. Thus, 
PAN was selected in this work not only as the binder material during casting procedure of CNT on NF but 
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can also be converted into a carbon-like cross-linker with good robustness at the Ni oxidation temperature 
of 500 °C. Moreover, the Ni oxidation temperature should not exceed 500 °C. Otherwise, an over-oxidized 
state of NF with a thick NiO layer can easily catch fire during the molten Li infusion process. The NF500 
sample was obtained through the same annealing process using pure NF without CNTs. The composite 
electrodes (NF500@Li, NF-CNT500@Li) were obtained by soaking NF500 and NF-CNT500 in molten Li at 
250 °C.

Characterizations
The surface morphology and elemental distribution were characterized using a scanning electron 
microscope (SEM, FEI, Quanta FEG250). The Raman spectra were performed using a Renishaw in Via 
Reflex Raman spectrometer. The crystalline phase was determined by X-ray diffraction (XRD, Bruker, D8 
Advance Davinci) using a diffractometer with Cu Kα (λ = 1.5406 Å) radiation. Surface chemistry analysis 
was carried out using X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD) with a radiation source of 
Mg Kα at 15 kV and 6.67 mA. Brunauer-Emmett-Teller (BET) measurements were performed using 
Micromeritics ASAP 2020.

Electrochemical characterization
For cell assembly, 2,032 coin cells were used, in which 70 μL electrolyte of 1 M LiPF6 in EC:DEC:FEC (1:1:1 
by vol.) was introduced to a Celgard 2320 separator. For the LiǁNi half cells, NF, NF500 or NF-CNT500 was 
used as the working electrode, and a Li foil served as both the counter and reference electrode. For the LiǁCu 
half cells, a Cu foil functioned as working electrode, and Li, NF500@Li or NF-CNT500@Li was employed as 
both the counter and reference electrode. The half cells were cycled by Li plating on the working electrode 
at selected capacity and current density, followed by Li stripping up to a cut-off voltage of 1 V at the same 
current density. For the symmetrical cells, Li, NF500@Li or NF-CNT500@Li was placed at each side of the 
separator, and the symmetrical cells were cycled under galvanostatic condition with fixed current density 
and capacity of 1 mA cm-2-1 mAh cm-2. For the full cells, Li, NF500@Li or NF-CNT500@Li was used as the 
negative electrode, which was paired with a LiFePO4 positive electrode with an areal capacity of 
~2.5 mAh cm-2 (area: 1.54 cm2, specific loading: ~16 mg cm-2). Each full cell was pre-cycled at charge/
discharge rates of 0.1C/0.1C for five cycles, followed by long-term cycling at 0.5C/0.5C in the voltage 
window of 2.5-4.4 V. All the batteries were assembled in an argon-filled glove box. All the battery tests were 
performed using LAND CT2001A battery testers at 30 °C.

The electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements were 
carried out using a potentiostat/galvanostat 1470E from Solartron. The impedance spectra were recorded in 
a frequency range of 106 to 10-1 Hz with a voltage perturbation of 10 mV. The CV curves were performed at 
various scanning rates ranging from 4 to 12 mV s-1 in the range of ±15 mV.

RESULTS AND DISCUSSION
Figure 2A-D shows the photo of the investigated samples. Compared to the gray appearance of NF 
[Figure 2A], the black color of NF-CNT indicates the successive incorporation of CNTs in the porous 
structure of NF [Figure 2B]. The latter was verified by the characteristic D (~1,331 cm-1) and G (~1,567 cm-1) 
bands on the Raman spectrum of NF-CNT [Supplementary Figure 1]. Further oxidation of NF-CNT via the 
annealing treatment resulted in a slight color change of the electrode [Figure 2C], arising from the 
formation of NiO particles in the host structure according to the Raman spectrum of NF-CNT500 
[Supplementary Figure 1][31]. Besides, the D/G peak ratios of NF-CNT and NF-CNT500 were 0.97 and 1.30, 
respectively. This change should be due to the formation of a carbon-like cross-linker derived from the 
pyrolysis of PAN on CNTs. The incorporated secondary porous structure consisting of CNTs and NiO in 
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Figure 2. Photo of (A) NF, (B) NF-CNT, (C) NF-CNT500 and (D) NF-CNT500@Li. (E) SEM and EDS images of NF-CNT500. (F) XRD 
spectrum of NF-CNT500 and NF-CNT500@Li. (G) Li 1s, (H) O 1s and (I) Ni 2p XPS spectra of NF-CNT500 and NF-CNT500@Li.

NF-CNT500 was also demonstrated by SEM and energy dispersive spectroscopy (EDS) images 
[Figure 2E and Supplementary Figure 2], where distinct Ni, C and O distributions were observed clearly. 
Consistently, the successive incorporation of the secondary porous structure was also demonstrated by BET 
measurements, where a BET surface area of 4.57 m2 g-1 was obtained for NF-CNT500, while it was not 
detectable for NF since only large void pores exist in this host [Supplementary Figure 3].

The presence of NiO endows NF-CNT500 with a high lithiophilicity, as shown by the high-quality NF-
CNT500@Li composite electrode obtained via molten Li infusion into NF-CNT500 [Figure 2D]. As shown 
in Supplementary Figure 4, progressive Li propagation was clearly observed upon molten Li infusion 
process in NF-CNT500, demonstrating its great lithiophilicity. Furthermore, by weighting the electrode 
before/after molten Li diffusion, the mass loading of Li on NF-CNT500 is about 10 mg cm-2 in the case of 
excessive molten Li. It should be noted that the mass loading of Li in NF-CNT500 can be controlled by 
limiting the amount of molten Li. Consistently, an additional peak related to metallic Li (~36.2°) was clearly 
observed on the XRD pattern of NF-CNT500@Li compared to that of NF-CNT500 [Figure 2F]. The surface 
chemistry of NF-CNT500 and NF-CNT500@Li was further analyzed by XPS. As shown in Figure 2G, a peak 
comprising Li and Li2O components was observed on the Li 1s spectrum of NF-CNT500@Li, where the 
minor signal of Li2O besides the major peak of Li should arise from the slightly oxidized Li surface of the 
composite electrode during the sample transfer into the XPS chamber. This is also the case for the surface 
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chemistry revealed by the O 1s spectrum of NF-CNT500@Li [Figure 2H]. It should be noted that no Ni 
signal was observed on the Ni 2p spectrum of NF-CNT500@Li [Figure 2I], indicating the great 
lithiophilicity of NF-CNT500 to adsorb a high quantity of Li in the host so that the surface components on 
the skeletons were fully covered beneath. Owing to the lithiation reaction of NiO (NiO + 2Li → Ni + Li2O) 
during initial conversion of NF-CNT500, Ni and Li2O should exist on the initially cycled NF-CNT500 
surface. Thus, XPS study on the initially cycled NF and NF-CNT500 without molten Li infusion was also 
performed. As shown in Supplementary Figure 5A, compared with the Ni 2p spectrum of the cycled NF 
electrode showing the metallic Ni peaks, the similar peaks observed for the cycled NF-CNT500 electrode 
demonstrated the reduction of NiO into metallic Ni on the surface. Meanwhile, ROCO2Li and Li2O signals 
were observed on the O 1s spectra of the investigated samples [Supplementary Figure 5B]. It is noteworthy 
that both ROCO2Li and Li2O can arise from the reductive decompositions of the carbonate-based 
electrolyte[9]; however, the stronger intensity of Li2O peak on the O 1s spectrum of NF-CNT500 compared 
with that of NF indicates the supplementary contribution from the lithiation of NiO. Since these species 
arise from the initial lithiation reaction of NiO on the surface of the electrode, they should be incorporated 
as SEI components on NF-CNT500.

The electrochemical behaviors of Li plating on the investigated hosts were studied using LiǁNi half cells. As 
shown in Figure 3A, the hosts decorated by Ni oxides (NF500 and NF-CNT500) exhibited sharply different 
potential profiles during initial Li electroplating compared with that of NF, where the potential dips during 
the early stage of plating were much milder for NF500 and NF-CNT500, reflecting a more uniform 
nucleation process on the skeletons of these hosts. The related nucleation overpotential (difference between 
the potential dip and plateau) and deposition overpotential (potential plateau) are shown in Figure 3B, 
where the nucleation overpotentials are ~240.9, ~88.1, and ~70.1 mV for NF, NF500, and NF-CNT500, 
respectively, demonstrating the effect of the lithiophilic Li2O-enriched interphase to reduce the energy 
barrier of Li nucleation. It is noteworthy that the oxide layer can generate an impeding interface for the 
charge transfer despite its lithiophilicity, as shown by the high deposition overpotential of ~93.9 mV on 
NF500 compared to ~56.7 mV on NF. However, this drawback can be efficiently compensated by the 
conducting CNT network in the secondary porous structure of NF-CNT500, leading to a reduced 
deposition overpotential of ~37.5 mV. As a consequence, the rational secondary porous structure enabled a 
sharply improved cycling coulombic efficiency (CE) of Li plating/stripping at 1 mA cm-2-1 mAh cm-2 
[Figure 3C], where the average CE on NF-CNT500 was 96.2%, compared with 90.3% and 88.7% on NF and 
NF500, respectively.

The high interfacial stability on NF-CNT500 was also demonstrated by EIS study on the LiǁNi half cells. 
Before cycling, the interfacial impedance (semi-circle on EIS spectrum) of the cell using NF-CNT500 was 
much lower than those using NF and NF500 [Supplementary Figure 6]. It should be noted that no SEI layer 
was formed at this state of NF-CNT500, and the much lower interfacial impedance reflects the high charge 
transfer dynamism on the native surface of NF-CNT500. The EIS spectra of LiǁNi half cells using NF, NF500 
and NF-CNT500 after 10, 25 and 50 cycles at 1 mA cm-2-1 mAh cm-2 were separately recorded 
[Supplementary Figure 7A-C]. Using the equivalent circuit diagram shown in Supplementary Figure 8A, the 
ohmic impedance related to the ionic conductivity of electrolyte (Rohm), the SEI impedance related to Li+ 
migration (RSEI), and charge transfer impedance related to the e- and Li+ transfers involved in 
electrochemical reactions (Rct) were separated revealed. As shown in Supplementary Figure 8B, the 
difference in Rohm was not obvious due to the sufficient electrolyte amount introduced to the half cells. 
However, sharply reduced RSEI [Supplementary Figure 8C] and Rct [Supplementary Figure 8D] were 
observed for NF-CNT500, indicating a stable SEI layer with great Li+ conducting ability on NF-CNT500.
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Figure 3. (A) Potential profile of initial Li electroplating with related (B) nucleation/deposition overpotentials and (C) cycling CE of Li 
plating/stripping on the investigated hosts at 1 mA cm-2-1 mAh cm-2. (D) Potential profile of initial Li electroplating with related (E) 
nucleation/deposition overpotentials and (F) cycling CE of Li plating/stripping on the investigated hosts at 2 mA cm-2-1 mAh cm-2.

Thanks to the multifunctional secondary porous structure in NF-CNT500, good electrochemical 
performance of Li electrodes was retained at an elevated current density of 2 mA cm-2. As shown in 
Figure 3D and E, the Li nucleation overpotential was further increased to ~256.4 mV on NF, and a high 
value of ~146.3 mV was also achieved on NF500 despite its lithiophilicity, indicating the existence of a rate-
determining step prior to the nucleation process that needs a fast Li+ transportation to avoid a 
supplementary energy dissipation rooted in the transfer kinetic. The latter was well addressed by 
NF-CNT500 due to the great Li conducting ability of the secondary porous structure, resulting in a low 
nucleation overpotential of ~58.9 mV. As well, the best cycling CE of Li electrodes at 2 mA cm-2-1 mAh cm-2 
also belonged to NF-CNT500 [Figure 3F] with an average CE of 94.8%, compared with 84.3% and 81.8% on 
NF and NF500, respectively, demonstrating the ability of NF-CNT500 to withstand stable Li plating/
stripping at high current density. By further raising the current density and capacity up to 
5 mA cm-2-5 mAh cm-2, which match the actual requirement for constructing practical LMBs, the cell using 
NF-CNT500 still exhibited the best cycling stability [Supplementary Figure 9]. Furthermore, a CNT-
attached Ni foil annealed at 500 °C (denoted as Ni foil-CNT500) has been fabricated and compared with 
that of NF-CNT500 in terms of Li protective ability. As shown in Supplementary Figure 10, the LiǁNi half 
cell using NF-CNT500 showed much better cycling stability than using Ni foil-CNT500, demonstrating the 
importance of the hierarchical host microstructure for Li metal protection. Besides the LiǁNi half cells 
revealing the ability of NF-CNT500 to promote a stable Li plating/stripping process, LiǁCu half cells were 
also tested to assess the cycling stability of the pre-lithiated NF-CNT500@Li composite electrode. As shown 
in Supplementary Figure 11, the best cycling performance was achieved on NF-CNT500@Li, where the 
average CEs are 91.1%, 88.6% and 96.3% for the cells using Li, NF500@Li and NF-CNT500@Li, respectively.

To reveal the role of the secondary porous structure in regulating the inner Li deposition, the Li deposition 
morphologies were studied by means of SEM and EDS. As shown in Figure 4A and B, at a Li plating 
capacity of 1 mAh cm-2, dendritic Li deposits were loosely distributed on the skeletons of NF without any 
ordered manners. However, for NF-CNT500, sharply different Li plating behavior was observed. As shown 
in Figure 4C and D, the deposited Li was tailored into small and compact granules that were evenly 
distributed in the entire host space. The EDS images further illustrate the inability of the bare NF scaffold to 
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Figure 4. SEM images of (A and B) NF and (C and D) NF-CNT500 at a Li plating capacity of 1 mAh cm-2. SEM and EDS images of (E) NF 
and (F) NF-CNT500 at a Li plating capacity of 1 mAh cm-2. SEM images of (G and H) NF and (I and J) NF-CNT500 at a Li plating 
capacity of 4 mAh cm-2.

regulate the inner Li deposition [Figure 4E], which should be a general concern for other pure metal hosts. 
Although the C and O signals can arise from the SEI layer derived from electrolyte decomposition, the 
overlapped Ni, C and O elements still give insights into the guided Li deposition by the CNT-based 
secondary porous structure [Figure 4F]. Similar features were also observed on the cross-section SEM and 
EDS images. As shown in Supplementary Figure 12A, Li deposits were mainly gathered on the top of NF 
due to the lack of medium to guide the inner Li deposition. In contrast, uniform Li deposition was guided 
inside the host structure of NF-CNT500 [Supplementary Figure 12B]. Dendritic filaments were also 
observed in the amplified zones of the cross-section images of NF [Supplementary Figure 12C and D], while 
g r a n u l a r  L i  d e p o s i t s  w e r e  e v e n l y  d i s t r i b u t e d  o n  t h e  s k e l e t o n s  o f  N F - C N T 5 0 0  
[Supplementary Figure 12E and F], demonstrating its ability to guide inner Li deposition in the host 
structure with high uniformity. As the Li plating capacity increased to a practical value of 4 mAh cm-2, the 
pores of NF were fully filled with dendritic Li deposits [Figure 4G and H], clearly illustrating the problem 
shown in Figure 1A. Meanwhile, a heterogeneous distribution of Li deposits was also observed in the 
internal pores of NF [Supplementary Figure 13A]. In contrast, uniform and compact Li deposits were 
observed in both the top and inner pores of NF-CNT500 [Figure 4I and J, Supplementary Figure 13B], 
demonstrating the rationality of the hierarchical structure of NF-CNT500, in which the Ni skeletons 
provide large pores for preserved Li storing space and act as a mechanical scaffold to suppress volume 
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expansion, and the secondary porous structure featured with high lithiophilicity, fast Li+ transportation and 
charge transfer enables guided Li deposition in the host with high uniformity and reversibility.

After demonstrating the advantage of the hierarchical structure of NF-CNT500, the NF-CNT500@Li 
composite electrode was fabricated via molten Li infusion [Figure 2D] and used in LMBs to assess its 
suitability as a substitute for a bare Li electrode. The symmetrical cells were first assembled to study the 
transfer kinetic and stability at the electrode/electrolyte interface. By performing CV scanning within a 
voltage window of ±15 mV at different scanning rates, the averaged transfer kinetic was then estimated. For 
the cells using bare Li [Supplementary Figure 14A] and NF500@Li [Supplementary Figure 14B], the CV 
curves displayed minimal dependence on the scanning rate, while hysteresis feature towards the two voltage 
boundaries was observed for the cell using NF-CNT500@Li [Supplementary Figure 14C], signifying the 
existence of a capacitive redox process probably related to the Li adsorption/desorption and/or Li insertion/
extraction through the CNT network. By converting the CV curves into Tafel plots, two quasi-symmetrical 
peaks vs. 0 V were observed for the cells using bare Li [Figure 5A] and NF500@Li [Figure 5B], 
corresponding to the interfacial polarization caused by the sluggish transfer kinetics. In contrast, the cell 
using NF-CNT500@Li exhibited a unique peak well centering at 0 V, reflecting an extremely low 
polarization enabled by fast transfer kinetic at the electrode/electrolyte interface [Figure 5C]. Consistently, 
the exchange current density revealed from the Tafel plot of the cell using NF-CNT500@Li is 2.137 mA cm-2 
[Supplementary Figure 15], which is of magnitudes higher than those of Li (0.00141 mA cm-2) and 
NF500@Li (0.00624 mA cm-2).

The Li protection ability was further examined by the long-term cycling of the symmetrical cells. As shown 
in Figure 5D, at 1 mA cm-2-1 mAh cm-2, the cells using bare Li achieved a drastic polarization increase in 
less than 15 h because of the fast accumulation of thick side products on the electrode surface. The cell using 
NF500@Li extended the lifespan over 200 h, followed by a drastic increase in polarization. The cell using 
NF-CNT500@Li realized a stable cycling over 500 h without obvious polarization increase, and more 
importantly, exhibited the lowest polarization from the beginning of the cycling, proving the simultaneously 
improved transfer kinetics and interfacial stability. Consistently, during the rate ability test of the 
symmetrical cells using Li, NF500@Li and NF-CNT500@Li, the cell using NF-CNT500@Li clearly showed a 
more stable voltage profile with a lower polarization compared with those using Li and NF500@Li 
[Supplementary Figure 16], indicating the fast Li+ transportation and charge transfer ability.

Finally, the practical application of NF-CNT500@Li in full LMBs was assessed using a thick LiFePO4 
positive electrode (~2.5 mAh cm-2). As shown in Figure 6A, the LiǁLiFePO4 cell showed a fast capacity fading 
in less than 75 cycles, while the fluctuating voltage profiles indicate a serious internal short-circuit caused by 
the uncontrolled Li deposition. The NF500@LiǁLiFePO4 cell cycled over 160 cycles followed by fluctuant 
CEs, probably due to the slow transfer kinetics hindering the full utilization of the active materials 
[Figure 6B]. Notably, stable cycling over 300 cycles with a capacity retention of 86.7% was achieved by the 
NF-CNT500@LiǁLiFePO4 cell [Figure 6C and D]. Considering the well-known high stability of the LiFePO4 
electrodes, the significantly improved performance of the NF-CNT500@LiǁLiFePO4 cell compared with that 
using bare Li or NF500@Li should arise from the superior NF-CNT500@Li electrode. These results 
demonstrate the good applicability of the proposed hierarchical structure for hosting stable Li metal 
electrodes in practical LMBs.

CONCLUSIONS
In this work, a multifunctional secondary porous structure was introduced to the conventional metal 
scaffold to enable regulated inner Li deposition for better cycling stability of the hosted Li electrode. 
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Figure 5. Tafel plot of symmetrical cells using (A) Li, (B) NF500@Li and (C) NF-CNT500@Li electrodes. (D) Voltage profile of 
symmetrical cells during long-term cycling.

Figure 6. Charge-discharge profiles of LMBs using (A) Li, (B) NF500@Li and (C) NF-CNT500@Li electrodes. (D) Cycling performance 
of LMBs during long-term cycling. The cycling was carried out at charge/discharge rates of 0.5C/0.5C.
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Specifically, the secondary porous structure consisting of CNTs, Ni and Li2O-enriched SEI was incorporated 
in the Ni scaffold and endowed with high lithiophilicity, fast Li+ transportation and charge transfer. In 
addition to the mechanical confinement of the deposited Li by the Ni scaffold, the multifunctional 
secondary porous structure exhibited great ability to accelerate the Li+ transportation, reduce the Li 
nucleation barrier and boost the electrochemical reaction kinetic inside the host, resulting in highly 
compact and uniform Li deposition in the internal pores of the host, which cannot be achieved by the 
conventional metal hosts with void pores. Consequently, the investigated hierarchical host enabled stable Li 
plating/stripping with high CEs under different cycling conditions. Notably, the LMB using the composite 
Li electrode based on the hierarchical host stably cycled over 300 cycles with a practical positive electrode 
capacity (~2.5 mAh cm-2), validating the rationality of the proposed host structure. This work emphasized 
the profound impact of the hierarchical structuration of the host on enhancing the cycling stability of Li 
metal electrodes. It is also expected to employ this strategy to improve the performance of other metal 
electrodes, showing a grand interest in developing next-generation secondary batteries.
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