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A B S T R A C T

Three-dimensional (3D) current collectors are studied for the application of Li metal anodes in high-energy 
battery systems. However, they still suffer from the preferential accumulation of Li on the outermost surface, 
resulting from an inadequate regulation of the Li+ transport. Herein, we propose a deposition regulation strategy 
involving the creation of a 3D lithiophilicity gradient structure of MoN on Cu3N nanowire-grown Cu foam 
(MCNCF) to induce a “bottom-up” Li deposition. During the initial Li deposition, the reaction between Li and 
Cu3N leads to the formation of Li3N while the lithiophilic MoN located at the bottom promotes the downward Li+

migration, resulting in the generation of a Li3N gradient. Such a “bottom-up” Li3N distribution results in the 
formation of a stable and Li3N-rich solid electrolyte interphase layer, facilitating the Li⁺ transport and promoting 
a uniform Li nucleation. Computational simulations and experimental results corroborate the preferential 
deposition of Li on the bottom of the substrate, leading to a uniform Li nucleation and growth throughout the 
electrode. The MCNCF electrode offers a significantly improved reversibility of the Li deposition, achieving a 
lifespan of more than 1200 h at a current density of 1 mA cm− 2 in symmetric Li||Li cells. Furthermore, full-cells 
incorporating MCNCF@Li as the negative electrode and LiFePO4 cathodes exhibit outstanding electrochemical 
performance with a capacity retention of over 99.5 % after 250 cycles at 1 C, which significantly surpasses the 
performance achieved with CF@Li or CCF@Li electrodes. This innovative design strategy for 3D metallic current 
collectors, featuring a lithiophilicity gradient, provides new perspectives for the development of stable Li metal 
anodes and, as a result, for the advancement of Li-metal batteries.

1. Introduction

The global energy crisis and unprecedented demand for electrical 
energy necessitate the development of sustainable electrical energy 
storage technologies.[1] Among them, rechargeable batteries with high 
energy densities play a pivotal role. Lithium (Li) metal, characterized by 
a high theoretical specific capacity (3860 mAh g− 1) and very low redox 
potential (− 3.04 V vs. standard hydrogen electrode), stands out as a 
prime candidate among various anode choices.[2,3] However, the 
widespread implementation of Li metal anodes (LMAs) encounters 

significant challenges, i.e., inhomogeneous Li deposition, substantial 
volumetric changes during plating/stripping processes, and the pro-
pensity to form a fragile solid electrolyte interphase (SEI).[4–6] These 
factors favor the emergence of Li dendrites and electrochemically 
inactive “dead Li”, posing notable safety risks for Li-metal batteries 
(LMBs).[7,8] Furthermore, the loss of Li and electrolyte contributes to a 
reduced Coulombic efficiency (CE) and shortens the overall lifespan.

In recent years, great efforts have been dedicated to addressing these 
challenges. One approach is the utilization of three-dimensional (3D) 
hosts for LMAs, which helps to reduce the local current density and 
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accommodate the volume changes occurring during cycling. Among the 
available options, Cu foam (CF) is commonly chosen due to its inertness 
versus Li as well as its porous structure, which can accommodate a large 
amount of lithium and mitigate the overall volume expansion.[9]
However, the inherent poor lithiophilicity of Cu presents a high barrier 
for Li nucleation and leads to an unstable SEI. To overcome these limi-
tations, the integration of materials such as Zn,[10] ZnO,[11] Co3O4,
[12] Mo2C,[13] and Ag,[14] which exhibit pronounced lithiophilicity, is 
deemed essential for promoting a homogeneous Li nucleation. Unfor-
tunately, the incorporation of these materials often leads to reduced 
conductivity or increased cost of the current collector. Thus, a surface 
modification strategy that balances lithiophilicity with conductivity is 
urgently needed.

Li3N has emerged as a promising material in this context, effectively 
restraining Li dendrite growth thanks to its high ionic conductivity 
(10− 3-10− 4 S cm− 1), low electronic conductivity (< 10− 12 S cm− 1), fa-
voring Li deposition at the interface between Cu metal and Li3N, 
excellent thermodynamic stability and high Young’s modulus.[15,16]
For example, Tang et al.[17] fabricated a current collector with Cu3N 

nanowires on a Cu foil (Cu3N NWs/Cu) through a simple chemical 
method. During the initial Li plating process, the Cu3N reacted with Li to 
form a Li3N-rich SEI, which demonstrated high ionic conductivity and 
mechanical strength. Cao et al.[18] developed a 3D host with a gradient 
Li3N in situ formed on a carbon-based framework using a molten lithium 
method (denoted as CC/Li/Li3N). Density functional theory (DFT) cal-
culations revealed that Li3N can effectively promote the transport of Li+

due to its low energy barrier for the Li+ diffusion. Hence, the combi-
nation of a Li3N artificial interface and a 3D host represents a promising 
strategy for stabilizing the interface, guiding the homogeneous Li 
deposition, and relieving the volume changes of LMAs.

However, the uniform lithiophilicity and conductivity of a 3D host 
often leads to preferred Li deposition on the top surface, attributed to 
shorter Li+ diffusion pathways and an unregulated Li+ flux.[19] To 
address this, we introduce a novel, straightforward deposition strategy 
to achieve a “bottom-up” growth of the Li anode, realizing a 3D lith-
iophilicity gradient structure of MoN on a Cu3N nanowire-grown Cu 
foam (MCNCF). The introduction of nanowire structures on the CF 
surface does not only increase the specific surface area of the current 

Fig. 1. (a) Schematic illustration of the preparation process of MCNCF. (b) XRD pattern of CCF. (c) SEM images of MCNCF and (d) corresponding EDS mapping 
results. (e) XRD pattern of MCNCF. XP spectra of the (f) Mo 3d and (g) N 1 s of MCNCF.
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collector, reducing the current density on its surface, but moreover ac-
commodates the volumetric changes that occur during Li deposi-
tion/stripping processes. Moreover, during the initial Li deposition, a 
reaction occurs between Cu3N and Li, leading to the formation of Li3N. 
The bottom lithiophilic MoN favors Li+ migration downwards, gener-
ating more Li3N and establishing a “bottom-up” Li3N gradient within the 
electrode. As a result, a stable SEI layer rich in Li3N is formed, which 
enhances the Li+ transport and provides abundant nucleation sites for a 
uniform lithium deposition. The distinctive lithiophilicity gradient 
within the MCNCF structure underpins its exceptional electrochemical 
performance, enabling consistent and reversible Li deposition/stripping. 
Furthermore, when integrated into a full-cell with LiNi0.8Co0.1Mn0.1O2 
(NCM811) cathodes, the MCNCF anode demonstrates superior rate 
capability and exhibits long-term stable cycling performance. These 
findings highlight the potential of utilizing the MCNCF host as a 
candidate anode material for application in LMBs.

2. Result and discussion

2.1. Preparation and characterization of MCNCF

Fig. 1a illustrates the schematic illustration of the synthesis route of 
MCNCF. Concurrently, Fig. S1 captures the color change of the various 
samples (i.e., CF, Cu(OH)2-CF, CCF and MCNCF) formed throughout the 
synthesis process. Initially, Cu(OH)2 nanowires were electrodeposited 
onto CF via a rapid electrochemical deposition (denoted as Cu(OH)2- 
CF). These nanowires then underwent thermal reduction using H2 
plasma treatment, leading to the formation of Cu nanowires (CCF). 
Subsequently, a thin and uniform MoO3 layer was applied to the bottom 
of the CCF framework using atomic layer deposition (ALD). Mild NH3 
plasma treatment was then employed for low-temperature nitridation, 
converting CCF into Cu3N-CF (CNCF) and forming a lithiophilic MoN 
layer at the bottom, thus, finalizing the MCNCF structure. To track the 
structural and morphological evolutions throughout the synthesis pro-
cess, X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) were performed. Pristine CF 
displays a 3D interconnected Cu framework with a porous mesh struc-
ture, displaying a smooth and impurity-free surface (Fig. S2a). As 
evident from Fig. S2b, the Cu(OH)2 nanowires grew uniformly on the CF 
skeleton. The inset high-magnification SEM image illustrates that the 
nanowires exhibit a smooth surface and diameter ranging between 
50 nm and 100 nm. The formation of Cu(OH)2 is verified by XRD 
(Fig. S3, PDF#35–0505). The absence of the characteristic reflections 
for Cu(OH)2 in the XRD pattern of CCF (Fig. 1b) indicates the complete 
conversion of Cu(OH)2 to metallic Cu after the H2-based post-reduction 
treatment. Meanwhile, the integrity of the nanowire morphology is well- 
maintained, as depicted in Fig. S2c.

Upon deposition of the MoN layer, the color of MCNCF changes from 
brown (CCF) to black (Fig. S1c, d). SEM images of MCNCF are presented 
in Fig. 1c, and energy dispersive X-ray spectroscopy (EDS) mapping 
confirms the uniform elemental distribution of the MoN layer on the 
nanowires (Fig. 1d). Moreover, the XRD results shown in Fig. 1e confirm 
the existence of Cu3N (PDF#86–2284) and MoN (PDF#86–2284) in 
MCNCF, while only Cu3N is present in CNCF (Fig. S4). Cross-sectional 
EDS elemental mapping results (Fig. S5b and d), corresponding to the 
SEM image (Fig. S5a), confirm that the nitridation degree increases from 
the top to the bottom of the MCNCF framework, verifying a gradient 
distribution of MoN (Fig. S5). The TEM images show a homogeneous 
coating layer on the surface of MCNCF, which thickness ranges from 32 
to 37 nm (Fig. S6). Further high-resolution TEM (HRTEM) analysis 
(Fig. S7) identifies distinctive lattice fringes corresponding to the MoN 
(002), MoN(200), and MoN(202) planes in the coating layer, as well as 
the Cu3N(111) and Cu3N(211) planes in the inner layer of MCNCF. X-ray 
photoelectron spectroscopy (XPS) analysis of MCNCF reveals distinct 
peaks at 232.1 and 228.9 eV in the Mo 3d spectrum, corresponding to 
Mo 3d3/2 and Mo 3d5/2 of the Mo-N bonds, respectively (Fig. 1f). 

Additionally, the N 1 s XP spectrum displays deconvoluted peaks at 
401.4 and 398.4 eV, corresponding to the N-H, Mo-N bonds, respec-
tively (Fig. 1g). Notably, the Mo 3p3/2 contribution partially overlaps 
with the N 1 s peak, leading to an observable peak located at 394.9 eV in 
the N 1 s XP spectrum.[20,21] Furthermore, the absence of peaks in the 
Cu 2p spectrum further confirms that the coating layer is predominantly 
composed of MoN (Fig. S8). In summary, the Cu nanowires are suc-
cessfully nitridated to Cu3N, and the bottom MoO3 is transformed into 
MoN, thus, forming a structure with a gradient of the nitrogen content, 
decreasing from the bottom to the top.

2.2. Investigation of the chemical adsorption/diffusion regulation 
properties

To investigate the electrical properties, the electrical conductivity of 
CF, CNCF, and MCNCF was measured using a four-point probe (Fig. S9). 
The results indicate that CF has the highest conductivity (3.33 × 10− 4 S 
cm− 1), while the conductivity of MCNCF (2.00 × 10− 4 S cm− 1) is slightly 
higher than that of CNCF (1.67 × 10− 4 S cm− 1), suggesting a conduc-
tivity gradient within MCNCF that facilitates the migration of Li+ to-
wards the bottom. The assessment of the lithiophilic nature of the 
current collector can be quantified by measuring the nucleation over-
potential, which is the difference between the lowest potential reached 
during the initial phase of electrodeposition and that of the plateau.[22]
The comparative analysis illustrated in Fig. 2a reveals that MCNCF ex-
hibits a significantly reduced Li nucleation overpotential of ca. 8.5 mV 
compared to the values recorded for CCF (43.6 mV) and CF (85.6 mV). 
This disparity highlights the superior lithiophilicity of MCNCF 
compared to CCF and CF.

To elucidate the underlying mechanism for the enhanced lith-
iophilicity of MCNCF, a comprehensive set of in situ and ex situ analyses 
and computational studies were conducted. It is known that lith-
iophilicity is closely associated with the intrinsic properties of materials. 
Therefore, prior to the lithiophilicity analysis, a clear picture of the 
involved materials is vital. In this regard, operando XRD was first per-
formed to investigate the structural evolution of MCNCF upon lithiation 
and delithiation. The characteristic reflection of MoN, specifically the 
(200) plane, vanishes upon discharge MCNCF to 1.25 V. Similarly, the 
characteristic reflections of Cu3N, including the (110), (111), and (200) 
planes, disappear when MCNCF is discharged to 0.5 V (Fig. 2b). Here-
after, no obvious reflections are observed even after the charge process, 
suggesting that the reaction products may be amorphous and that the 
structural changes experienced by MoN and Cu3N during discharge are 
irreversible. From Fig. S10, the Mo 3d XP spectrum recorded after fully 
discharging MCNCF to 0.01 V demonstrates the formation of elemental 
Mo.[23] Meanwhile, XPS depth profiling with Ar+ etching for varying 
durations was conducted to probe the SEI composition of CF and 
MCNCF-based electrodes. Notably, the Li3N observed in the CF electrode 
diminishes after 100 s of Ar+ etching (Fig. 2c), whereas that in the 
MCNCF electrode slightly increases upon etching (Fig. 2d), suggesting 
that the nitrogen supply from the MoN layer facilitates the formation of 
Li3N.

Furthermore, the compositional analysis of the SEI reveals that the 
outermost layer predominantly consists of Li carbonate resulting from 
the electrochemical reduction of the electrolyte, which progressively 
decreases with an increasing sputtering time. Li carbonate is identified 
through the characteristic peaks at 289.8 eV in the C 1 s spectra (cor-
responding to C––O bonds) and at 55.1 eV in the Li 1 s spectra (indic-
ative of Li2CO3). The deconvolution of the F 1 s XP spectra reveals two 
peaks located at 688.5 and 684.9 eV, corresponding to C-F and LiF, 
respectively. These peaks are indicative of decomposition products of 
LiTFSI, with a higher proportion of C–F observed in the CF-based 
electrode (Fig. S11). Additionally, the O 1 s XP spectra reveal two 
peaks at 532 and 531.2 eV, attributed to S–O and C–O/C––O species. 
The XPS results for the C 1 s, F 1 s, O 1 s, Li 1 s, and N 1 s peaks further 
suggest that organic constituents formed through the reductive 
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decomposition of the solvents and salt, including C–C/C–H, C–O, 
C––O, C–F, etc., and primarily constitute the upper layer of the SEI. XPS 
depth profiling discloses a decreased content of these organic compo-
nents with a concomitant increase in inorganic constituents such as 
S–O, LiF, and Li3N. These findings indicate that the lithiation of MCNCF 
results in the formation of a uniform Li3N-rich SEI.

To evaluate the lithium affinity of both Cu and the MoN coating, 
density functional theory (DFT) calculations were conducted (Table S1). 
Fig. 2e presents compelling evidence that MoN(200) exhibits a signifi-
cantly larger adsorption energy of − 4.34 eV for lithium compared to Cu 
(111) with an adsorption energy of − 0.59 eV. The designed structure 
facilitates enhanced Li deposition on the MoN surface at the bottom. 
Charge transfer analyses depicted in Figs. 2f and 2g reveal a more 
substantial charge transfer when a lithium atom is adsorped on the MoN 

surface in comparison to pure copper. This observation unequivocally 
confirms the superior lithium affinity of MoN vs. Cu.

The XPS results in Fig. S10 indicate the formation of Li3N during the 
progression of battery cycling, resulting from the reaction between 
deposited lithium and MoN. To investigate the mobility of lithium in the 
generated Li3N and MoN, which is crucial for understanding charge- 
discharge rates in rechargeable batteries, the climbing image nudged 
elastic band (CI-NEB) method was employed, and the corresponding 
migration pathways are depicted in Figs. 2h and 2i. Initially, interme-
diate images were linearly interpolated between the most stable sites. 
For the MoN(200) surface, the CI-NEB calculation reveals that the Li 
atom would migrate from the Mo top site to the nearest Mo top site with 
a rather small kinetic barrier (0.35 eV). In addition, the migration tra-
jectory also implies that the saddle point locates at the Mo-N bridge site. 

Fig. 2. (a) Deposition curves of Li on different electrodes. (b) Operando XRD results for the MCNCF electrode during the discharge-charge process. Depth profiles of 
the N 1 s, C 1 s, and Li 1 s XP spectra of (c) CF and (d) MCNCF electrodes after being discharged to 0.01 V. (e) Adsorption energy of Li on the Cu(111) and MoN(200) 
surface. Calculated electron density difference before and after the adsorption of Li on the (f) Cu(111) and (g) MoN(200) surfaces. Cyan and yellow isosurfaces 
(0.001 a.u.) represent an electron accumulation and depletion, respectively. Migration pathway and the corresponding Li diffusion barrier profile for the (h) Li3N 
(001) and (i) MoN(200) surfaces. (j) Scheme highlighting the working mechanism of MCNCF upon Li deposition.
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Besides, Li3N exhibits rapid Li diffusivity with an energy barrier of 
0.71 eV. These findings validate that MoN does not only promote the Li 
deposition at the bottom of the current collector, but also enables fast Li 
migration.

The lithiophilicity gradient design of the MCNCF framework, as 
depicted in Fig. 2j, offers the following advantages: (i) The nanowire 
structure on the CF skeleton increases the specific surface area of the 
current collector, reducing the local current density, and accommodates 
the volumetric changes during the Li plating and stripping processes. (ii) 
The constructed lithiophilicity gradient structure guides Li+ towards the 
bottom of the electrodes. (iii) The reaction of Cu3N and MoN with Li+

yields a gradient distribution of the Li3N-rich SEI. (iv) The Li3N-rich SEI 
enhances rapid Li+ transport and provides nucleation sites, promoting a 
uniform Li deposition. Consequently, it is theoretically predicted that 
the MCNCF electrode, leveraging strong adsorption and fast diffusion 
properties, is an effective approach to suppress dendrite formation and 
stabilize the LMAs.

2.3. Validation of the “bottom-up” Li deposition behavior of MCNCF

To evaluate the effectiveness of the MoN layer for the lithium 
nucleation and deposition, the electrochemical behavior of Li plating 
was examined via galvanostatically electrodepositing Li on CF, CCF and 
MCNCF current collectors at a current density of 0.25 mA cm− 2. The 
surface morphology analyses of various frameworks after Li plating 
reveal distinct morphologies. In the initial stage of electroplating on a CF 
electrode, an uneven nucleation is apparent from the presence of micro- 
Li particles and an exposed CF framework, which can be attributed to 
the high Li nucleation overpotential (Fig. 3a1, a2, and Fig. S12a). These 
particles subsequently act as prior nucleation centers, promoting the 
formation of elongated Li dendrites (Fig. 3a3). As the Li plating capacity 
increases to 5 mAh cm− 2, many disordered Li dendrites (about 10 µm in 
diameter) spread throughout the CF pores (Fig. 3a4 and Fig. S12d), 
indicating that CF fails to enable a uniform Li nucleation and suppress 
dendrite growth[24] even in the case of a rather limited Li deposition. 
The CCF electrode, on the other hand, allows for a more homogeneous Li 
deposition through its porous structure at plating capacities of 0.01 and 
0.5 mAh cm− 2, yet dendrite formation persists (Fig. 3b1, b2 and 
Fig. S12b). The presence of Cu nanowires elevates the surface area and 
evenly distributes the charge. However, Li plating with capacities higher 
than 2 mAh cm− 2 results in rapid dendrite growth (Fig. 3b3, b4 and 
Fig. S12e). In stark contrast, the Li plating behavior of MCNCF out-
performs the other two counterparts, confirming that the lithiophilicity 
gradient design enables both strong Li adsorption and fast Li diffusion. 
At low Li plating capacities (0.01 and 0.5 mAh cm− 2), compact Li nuclei 
form, promoted by the formation of a stable Li3N-rich SEI (Fig. 3c1, c2 
and Fig. S12c). Further Li plating up to 2.0 mAh cm− 2 results in MCNCF 
being uniformly enveloped by dense Li (Fig. 3c3). Even after depositing 
5 mAh cm− 2 of Li, the top skeleton of MCNCF is still clearly visible and 
negligible Li dendrites are generated (Fig. 3c4 and Fig. S12f).

To gain real-time insights into the Li deposition behavior, operando 
techniques were employed. First, a home-designed cell (Fig. S13) was 
employed to observe the electrode evolution over prolonged deposition 
time. The rapid formation of pronounced dendritic structures on CF is 
observed within the first hour (Fig. S13a, Movie S1). Afterwards, the 
growth of dendrites becomes increasingly fast and erratic. From 
Fig. S13b and Movie S2, comparable dendritic lithium deposition is also 
noted on CCF after 1 h of Li plating. In contrast, MCNCF exhibits a 
smooth and dense morphology with very minor dendritic Li deposition 
after plating for 3 h (Fig. S13c and Movie S3).

Shifting our observation from the macro-scale to the micro-scale, an 
in situ optical microscope was used to capture the Li plating behavior on 
CF, CCF, and MCNCF electrodes. The Li||CF asymmetric cell shows se-
vere dendrite growth after 0.5 h of Li plating, which rapidly grows and 
eventually leads to short circuiting and cell failure after 1 h (Fig. S14). 
The entire measurement for the CCF- and MCNCF-based cells lasts for 

3 h at a current density of 2 mA cm− 2. In the former cell, small Li den-
drites start to grow on the electrode surface after 1 h (Fig. 3d2), implying 
a typical “top-deposition” behavior. After plating for 3 h, the Li den-
drites severely overflow from the CCF electrode side (Fig. 3d3). In a 
striking contrast, MCNCF exhibits a completely different Li plating 
behavior. Evident from Fig. 3e2, the deposited Li is dispersed throughout 
the framework, and it can be clearly observed that more Li is deposited 
in the bottom region. Even after 3 h of Li plating, MCNCF still does not 
display obvious dendritic Li. Additionally, the Li deposition behavior on 
the pure CF electrode is similar to that on the CCF electrode, exhibiting 
apparent “top deposition” behavior within 3 h of Li deposition 
(Fig. S15). These results confirm that the construction of a lithiophilicity 
gradient within the MCNCF host structure promotes a stable electrode 
morphology, which can be ascribed to the protective effect of the 
gradient Li3N. This configuration enhances Li deposition at the bottom 
of the 3D host and inhibits Li dendrite formation, leading to a prefer-
ential “bottom-up” Li deposition process.

Computational simulations of the Li deposition behavior were con-
ducted using the COMSOL Multiphysics software. For the CCF frame-
work with uniform conductivity and lithiophobicity, the incoming Li+

ions preferentially accumulate on the top surface, resulting in dendritic 
growth through consecutive Li plating and stripping (Fig. 3f). However, 
the Li+ flux distribution in the case of the MCNCF electrode shows a 
gradient over a large range, while maintaining a uniform distribution 
over a smaller range consistently throughout the entire domain 
(Fig. 3g). The COMSOL simulation reveals that the MCNCF electrode 
significantly modulates the distribution of the Li+ flux, thereby opti-
mizing the conditions for a homogeneous Li deposition. These results 
highlight the superiority of the 3D lithiophilicity gradient design of the 
MCNCF structure compared to the CF and CCF electrodes. It is evident 
that the gradient Li3N is instrumental in enhancing the Li+ transport, 
leading to the formation of a uniform and rapid Li+ flux, which is critical 
for improving the anode (and battery) performance.

2.4. The impact of the electrode design on the electrochemical 
performance

Wetting tests with molten Li can verify the lithiophilicity of different 
electrode structures. Upon exposure to molten Li, rapid and thorough 
wetting is observed with the MCNCF discs (Fig. 4a). Comparative studies 
of the Li plating/stripping reversibility were performed by evaluating 
the CE among various current collectors in half-cell setups. As shown in 
Fig. 4b, under the 1 mAh cm− 2 and 1 mA cm− 2 regime, the MCNCF 
sustains an average CE of 98.0 % over 240 cycles, whereas the CCF and 
CF electrodes demonstrate inferior cycle life of ca. 140 (96.6 %) and 90 
(91.9 %) cycles, respectively. The voltage profiles of MCNCF for 
different cycle numbers demonstrate an overlapping behavior (Fig. 4c), 
indicating an excellent reversibility of Li plating and stripping. 
Increasing the current density to 3 mA cm− 2, the MCNCF maintains a 
high average CE value of 98.1 % over 110 cycles (Fig. 4d). In contrast, 
both CCF and CF show a pronounced decline in average CE with only 
95.9 % over 60 cycles and 93.3 % over 50 cycles, respectively, which 
should be due to the continuous formation of Li dendrites and con-
sumption of the electrolyte. Additional tests were conducted at a ca-
pacity of 1 mAh cm− 2 and current densities of 0.5 mA cm− 2 and 
2 mA cm− 2, where MCNCF always demonstrates pronounced advan-
tages over CCF and CF (Fig. S16). The stability in CE and cycling per-
formance of MCNCF underscores its superiority in promoting 
homogenous Li deposition and its enhanced reversibility during cycling 
– also in comparison to conventional collectors, as summarized in 
Table S2.

Electrochemical impedance spectroscopy (EIS) reveals that the 
interfacial resistance is lower for MCNCF than for CCF and CF in the 1st, 
10th, and 50th cycle, as shown in Fig. 4e and Fig. S17. This denotes an 
improved surface compatibility with Li, uniform Li deposition, and 
accelerated Li plating/stripping kinetics – trends that align with the 
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observed reduction of the voltage hysteresis. However, a decrease in 
interfacial resistance is observed across all samples by the 50th cycle, 
potentially due to electrode surface roughening which reduces the 
charge transfer resistance by increasing the active area.

Symmetric Li||Li cells were further assembled to analyze the Li 
plating/stripping behavior. The symmetric cells containing the 
MCNCF@Li electrodes present a very constant overpotential during 
cycling, with negligible variation observed beyond 1200 h of operation 
at 1 mA cm− 2 and 1 mAh cm− 2 per cycle (Fig. 4f). This can be attributed 
to the excellent Li+ ion conductivity of the Li3N-rich SEI film, facilitating 
rapid Li+ migration and diffusion. In stark contrast, symmetric cells 
employing CCF@Li and CF@Li electrodes show a significant increase in 
overpotential after 300 and 350 h, respectively. In addition, the sym-
metric MCNCF@Li cells exhibit a remarkably low voltage hysteresis of 
approximately 16 mV, outperforming those of the CCF@Li (22 mV) and 
CF@Li (20 mV) cells (Fig. S18). Upon elevating the current density to 
2 mA cm− 2, the symmetric MCNCF@Li cells sustain a prolonged over-
potential stability for 470 h with a hysteresis of 20 mV. In comparison, 
the CCF@Li and CF@Li cells can only maintain such stability for 250 and 
150 h with a hysteresis of 40 and 38 mV, respectively (Fig. S19a). A 

further increase of the current density to 3 mA cm− 2 reveals that the 
symmetric MCNCF@Li cells sustain an exceptionally flat voltage profile 
for 400 h and exhibit a very low voltage hysteresis of 23 mV (Fig. S19b). 
Differently, the symmetric CCF@Li and CF@Li cells show a progressive 
rise in overpotential, reaching 48 and 71 mV after 90 and 25 h, 
respectively. A subsequent assessment of the overpotential when 
applying an increased areal specific capacity of 3 mAh cm− 2 (Fig. S19c) 
demonstrates that the CCF@Li and CF@Li electrodes could be cycled for 
only 700 and 500 h, respectively. In contrast, the MCNCF@Li electrodes 
provide a stable cycling performance for more than 900 h without sig-
nificant voltage fluctuations.

Fig. 4g presents the evaluation of the rate capability of these elec-
trodes by applying varying current densities of 0.5, 1, 2, and 5 mA cm− 2, 
with a fixed capacity of 1 mAh cm− 2. The resulting overpotential values 
for MCNCF@Li (13, 17, 28, 52 mV) are substantially lower and more 
consistent than those observed for CCF@Li (34, 40, 51, 81 mV) and 
CF@Li (41, 49, 64, 110 mV; Fig. 4h). These findings underscore the 
synergistic contribution of the multiporous architecture, which facili-
tates a reduction in effective current density, and the lithiophilicity 
gradient structure, both of which collectively modulating the Li 

Fig. 3. Surface morphology evolution of (a) CF, (b) CCF, and (c) MCNCF electrodes with different Li deposition capacities (Li dendrites are clearly highlighted in 
light green color). The examination of the Li deposition behavior via in situ optical microscope of (d) CCF- and (e) MCNCF-based electrodes at a current density of 
2 mA cm− 2. COMSOL simulations of the Li+ flux distribution in the (f) CCF and (g) MCNCF frameworks.
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deposition/dissolution dynamics.[25,26] Further corroboration of the 
superior reaction kinetics is provided by Tafel plot analyses and ex-
change current density (ECD) measurements (Fig. 4i). Among these, the 
ECD for the MCNCF@Li electrode is determined to be 3.64 mA cm− 2, 
significantly exceeding the 1.64 mA cm− 2 for CCF@Li and the 
0.6 mA cm− 2 for CF@Li, indicative of a faster charge transfer and 

reaction kinetics of MCNCF@Li.[27,28] With regards to the most 
recently reported 3D Li hosts under analogous experimental conditions, 
to the best of our knowledge, MCNCF exhibits unparalleled electro-
chemical performance characterized by a very low overpotential and 
very long cycle life (Fig. 4j).

Fig. 4. (a) Lithiophilicity tests for CF, CCF and MCNCF. (b) The CE of CF, CCF and MCNCF electrodes upon Li plating/stripping at a current density of 1.0 mA cm− 2. 
(c) Selected voltage profiles and partially enlarged details of MCNCF. (d) The CE of CF, CCF and MCNCF electrodes upon Li plating/stripping at 3.0 mA cm− 2 with a 
capacity of 1 mAh cm− 2. (e) Nyquist plots of Li||MCNCF after 1, 50, and 100 cycles at 1 mA cm− 2. (f) Constant current of symmetric CF@Li, CCF@Li and MCNCF@Li 
cells at 1 mA cm− 2. (g) Rate performance of the symmetric CF@Li, CCF@Li and MCNCF@Li cells with a cycled capacity of 1 mAh cm− 2. (h) Comparison of the 
overpotential at different current densities. (i) Tafel plots for symmetric CF@Li, CCF@Li and MCNCF@Li cells. (j) Radar plot comparing the performance of MCNCF 
electrode with recent studies reported in the literature.[29–36].
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2.5. Ex situ morphology examinations of MCNCF

Ex situ SEM images were taken to evaluate the electrode morphology 
as well as the formation of Li dendrites and electrochemically inactive, i. 
e., “dead” Li. After 50 cycles at a current density of 2 mA cm− 2, the 
symmetric cells were dismantled, and the electrodes were examined 
using SEM at multiple magnifications. The recovered CF@Li electrode 
exhibits a coarse morphology with visible fissures. In addition, a con-
spicuous clustering of “dead” Li on the uppermost layer is observed 
(Fig. S20a, d). A similar observation is made for the recovered CCF@Li 
electrode, from which a significant coalescence of “dead” Li on the 
surface indicates a nonuniform Li plating/stripping process (Fig. S20b, 
e). The cross-sectional SEM images also reveal an extensive formation of 
“dead” Li within the CF@Li and CCF@Li structures (Fig. S21a, b). In 
contrast, the recovered MCNCF@Li electrode displays a rather smooth 
and dense surface (Fig. S20c, f). The cross-sectional SEM analysis 
highlights the reduced formation of “dead” Li with the outer scaffold 
remaining discernible and the major Li predominantly located in the 
bottom layer (Fig. S21c). This confirms the effective inhibition of Li 
dendrite proliferation exerted by the lithiophilicity gradient design, 
which contributes to the superior cycling stability of the MCNCF elec-
trodes. Moreover, the cycled MCNCF@Li electrode surface exhibits a 
negligible presence of “dead” Li.

The structural integrity of the cycled 3D MCNCF host was studied 
through SEM and EDS mapping of the MoN layer. The surface of the 
cycled MCNCF host maintains a distinct nanowire morphology, indi-
cating the preservation of the nanowire architecture. These nanowires 
present a thicker and more polished appearance relative to their initial 
state, which is attributable to the formation of a Li3N-enriched SEI 
(Fig. 5a-d). EDS mapping further evidences the homogenous dispersion 

of Cu, Mo, and N, with no observable discontinuities, thereby corrobo-
rating the structural resilience of the nanowires over cycling (Fig. 5e). 
Based on the EDS mapping, the presence of elements such as F and S is 
presumably coming from the decomposed lithium salt, a further vali-
dation of the formation of a relatively stable and uniform SEI layer. 
Fig. 5f, g provide schematic representations to elucidate the structural 
evolution. Without the MoN layer, the CF/CCF substrates trigger the 
initial Li “top-deposition” behavior and further develop into nonuniform 
dendritic Li upon repeated Li plating/stripping. The extended dendritic 
growth, coupled with the continuous reaction with the electrolyte, re-
sults in the loss of active Li, which is detrimental to the long-term cycling 
performance of the CF@Li and CCF@Li electrodes. On the contrary, 
MCNCF@Li enables a beneficial “bottom-up” Li deposition initially, and 
allows for a firm adherence of Li to its scaffold before cycling, followed 
by a surface smoothening effect upon cycling.

2.6. Evaluation of the MCNCF electrodes in full-cells

For assessing the practical use of MCNCF@Li in full-cells, the elec-
trodes were coupled with LiFePO4 (LFP) cathodes. Cyclic voltammetry 
(CV) reveals distinct reduction and oxidation peaks (R1 and O1) for the 
MCNCF@Li||LFP cell configuration across the varying sweep rates 
applied (0.1–1.0 mV s− 1). Compared to those of the CF@Li||LFP and 
CCF@Li||LFP cells, the MCNCF@Li||LFP cell presents a smaller voltage 
separation between R1 and O1 and higher peak currents (Fig. 6a and 
Fig. S22), indicating a faster and more reversible Li+ insertion/extrac-
tion. Fig. 6b provides evidence supporting the assertion that the peak 
currents in these cells follow a linear relationship with the square root of 
the sweep rate, highlighting the dominant role of Li+ diffusion in the 
electrochemical processes of the cell.[37]

Fig. 5. (a-d) SEM and (e) EDS mapping of the bottom of a recovered MCNCF@Li electrode after cycling. Schematic illustration of the structural evolution of (f) 
CF@Li and CCF@Li as well as (g) MCNCF@Li electrodes.
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The rate performance of the MCNCF@Li||LFP (N/P ratio of ~7), 
CCF@Li||LFP and CF@Li||LFP cells is illustrated in Fig. 6c. Evidently, 
with dis-/charge rates from 0.2 C to 5 C, the delivered specific capacities 
of the MCNCF@Li||LFP cell are 161, 152, 141, 125, and 91 mAh g− 1 at 
0.2 C, 0.5 C, 1 C, 2 C, and 5 C, respectively, pronouncedly surpassing 
the capacities recorded for the CCF@Li||LFP (139, 126, 111, 94, and 60 
mAh g− 1) and CF@Li||LFP full-cells (136, 126, 111, 88, and 32 mAh 
g− 1). Subsequently, fresh full-cells were prepared to evaluate their long- 
term cycling performance at a dis-/charge rate of 1 C. The initial specific 
capacity for the MCNCF@Li||LFP cell is 137 mAh g− 1, outperforming 
the CCF@Li||LFP and CF@Li||LFP cells, which delivered only 106 mAh 
g− 1 and 113 mAh g− 1, respectively (Fig. 6d). Following a constant 
current dis-/charge test over 250 cycles, the MCNCF@Li||LFP cell 
maintains an average CE of 99.93 % and exhibits an impressive capacity 
retention rate of 99 % with a specific capacity of 135 mAh g− 1. In 
contrast, the CCF@Li||LFP and CF@Li||LFP cells could be cycled only 
for 165 and 75 cycles, respectively, with substantially lower discharge 
capacities of 84 and 89 mAh g− 1. The galvanostatic charge-discharge 
profiles for the MCNCF@Li||LFP cell show a much lower polarization 
and excellent capacity retention, especially when compared to the other 
two cells (Fig. S23). EIS was conducted to probe the interfacial stability 
and reaction kinetics of the full-cells during cycling. As illustrated in 
Fig. 6e, the impedance of the MCNCF@Li||LFP full-cell remains essen-
tially consistent over 100 cycles with a lower impedance value, whereas 
the resistance of the CF@Li||LFP and CCF@Li||LFP cells displays a 
considerably increasing trend (Fig. S24). The lower impedance of the 

MCNCF@Li||LFP cell can be attributed to (i) the lithiophilicity gradient 
architecture within the MCNCF, which promotes a more homogenous 
Li+ flux and deposition, and (ii) the reinforced interfacial stability 
originating from the high ionic conductivity and diminished electronic 
conductivity of the Li3N-rich SEI. Consequently, the MCNCF@Li enables 
a significantly extended cycle life of LFP-based full-cells.

To further demonstrate the potential of MCNCF for practical appli-
cations, MCNCF@Li||NCM811 cells (N/P ratio of ~6) were assembled, 
yielding an impressive initial specific capacity of 167 mAh g− 1 at 1 C. 
Notably, an exceptional capacity retention of ca. 99 % is achieved after 
160 cycles. In contrast, the retention ratios of the CCF@Li||NCM811 and 
CF@Li||NCM811 cells sharply drop to 39.96 % and 42.25 %, respec-
tively, after 90 cycles and 80 cycles (Fig. 6f). Subsequently, ex situ SEM 
analysis was performed to monitor the surface morphology of the Li 
anode. After 50 cycles, conspicuous dendrite growth was observed at top 
of the CF@Li, likely contributing to its deteriorated cycling performance 
(Fig. S25a, d). The ex situ SEM image of CCF@Li reveals the formation of 
a significant amount of “dead Li” on its top surface (Fig. S25b, e). In 
contrast, the surface of cycled MCNCF@Li remains smooth without 
noticeable dendrite formation (Fig. S25c, f). Further, the rate capability 
of MCNCF@Li is assessed by incrementally increasing the dis-/charge 
rate from 0.1 C to 5 C (Fig. 6g). The specific capacities recorded in 
sequence are 204, 198, 183, 174, 162, 154, and 141 mAh g− 1 at 0.1 C, 
0.2 C, 0.5 C, 1 C, 2 C, 3 C, and 5 C, respectively. These results indicate 
that the synergistically engineered lithiophilicity gradient and Li3N-rich 
SEI of the MCNCF plays a crucial role in promoting uniform deposition 

Fig. 6. (a) Typical CV curves of a MCNCF@Li||LFP full-cell at different scan rates (0.1–1.0 mV s− 1) and (b) the corresponding linear fit of the reduction/oxidation 
peak current intensities as a function of the square root of the scan rates. (c) Rate performance and (d) long-term cycling of LFP-based full-cells with different anodes. 
(e) Nyquist plots of a MCNCF@Li||LFP full-cell at different cycles. (f) Cycling performance of NCM811-based cells with different anodes. (g) Rate performance of an 
MCNCF@Li||NCM811 cell.
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and dissolution of Li, in turn, enhances the longevity and performance of 
LMBs.

3. Conclusions

In summary, a combination of ALD and plasma treatment was 
adopted to fabricate a 3D integrated lithiophilicity gradient structure 
(MCNCF), successfully guiding the “bottom-up” Li deposition and sup-
pressing dendritic Li growth. The introduction of nanowire structures on 
the CF skeleton reduces the anode current density and alleviates the 
volume changes upon cycling. The MoN layer at the bottom of MCNCF 
preferentially induces uniform Li nucleation. The as-formed Li3N- 
enriched SEI layer promotes rapid diffusion of Li+, enabling a dense and 
uniform Li deposition. Consequently, the distinctive architecture of the 
MCNCF host not only exhibits a strong affinity for Li with a very low 
nucleation overpotential and sustains an exceptional average CE of 
97.6 % upon 350 cycles at 0.5 mA cm− 2 and 1 mAh cm− 2. Moreover, the 
host structure supports a prolonged operational lifespan exceeding 
1200 h with efficient mass transfer kinetics at 1 mA cm− 2 and 1 mAh 
cm− 2. When paired with LFP and NCM811 cathodes, the MCNCF host 
showcases excellent rate performance and superior cycling stability, 
making it a viable option for practical applications.

4. Experimental section

Experimental details can be found in the Supporting Information.
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