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a b s t r a c t

Sodium metal batteries (SMBs) have drawn much attention as complement to lithium metal batteries

for next generation high-energy batteries. However, it is still a big challenge to enhance their cycling

stability without sufficient sodium reserve in anode, due to the non-uniform Na plating/stripping and

uncontrolled Na dendrite growth. Herein, a dual layer host consists of sodiophilic graphene@antimony

nanoparticles bottom layer and 3D polyacrylonitrile nanofiber top layer (PAN-G@Sb) is employed to en-

able highly reversible Na plating/stripping. Thanks to the uniform Na deposition, PAN-G@Sb delivers an

outstanding average Coulombic efficiency of 99.8%, highly reversible Na plating/stripping for 1000 cycles

at 2.0mA/cm2, as well as over 1000h of stable operation in symmetric cells. When paired with a high

mass loading Na3V2(PO4)3 (NVP) cathode (16.2mg/cm2), the full cell (N/P ratio=1.4) also displays promi-

nent capacity retention of 98.7% after 250 cycles with a high energy density of 284.6Wh/kg. Moreover,

PAN-G@Sb||NVP anode-free full cell also shows an excellent capacity retention of 91.0% after 50 cycles at

0.5 C, exhibiting the stable operation of high energy SMBs.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Considering the limited geographical distribution of lithium and

the increasing demand of large-scale battery applications [1,2], it

is reasonable to develop sodium-ion batteries (SIBs) as alternatives

to lithium-ion batteries due to the natural abundance of sodium

(Na) resource and cost advantage [3-5]. Metallic Na has a low re-

dox potential (−2.71V vs. standard hydrogen) and a high theo-

retical special capacity (≈1166mAh/g), indicating a great poten-

tial to establish high energy density battery system [6]. However,

similar to lithium, the high reactivity of metallic Na brings se-

vere interfacial parasitic reactions [7,8]. In particular, the uncon-

trolled dendrite growth is caused by uneven Na nucleation and

deposition, leading to fast capacity fading and even safe issues

[6,9-11].

To address above challenging issues, numerous strategies have

been developed, such as optimizing electrolytes to in-situ form sta-

ble solid electrolyte interphase (SEI) [12-14], constructing artificial

SEI layers to alleviate interfacial reactions [15,16], developing solid-

state electrolytes to suppress dendrite growth [17,18], and engi-

neering 3D current-collectors to accommodate volume change of
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Na metal anode [19-21]. Moreover, sodiophilic heterogeneous el-

ements (such as Ag [22], Au [23], F [24], N [25]) have been re-

cently introduced into current-collectors as heterogeneous crys-

tal species to promote metal wettability and reduce the nucle-

ation/growth overpotential. For example, Wu’s team reported an

inspiring strategy to achieve long-term stable and uniform depo-

sition of Na metal through a nucleation buffer layer composed of

carefully designed core-shell C@Sb nanoparticles [26].

However, these strategies usually are performed with thick Na

anode (thicker than 100μm) or high N/P ratio (area capacity ra-

tio of negative to positive electrodes, usually higher than 15) in

current researches [27-29], suggesting the demand of excess Na to

compensate the consumption in parasitic reactions, such as con-

tinuous SEI reforming and “dead” (inactive) Na formation [30,31].

Unfortunately, thick metallic anode with excess Na not only reduce

the high energy advantage of sodium metal batteries (SMBs), but

also create the safety hazards due to its high chemical activity [30].

Thus, it is necessary to explore stable Na metal anode with limited

Na for future high energy SMBs. The anode current-collectors play

a critical role to influence the reversibility of metallic Na [32,33].

Since there is limited Na in low N/P SMBs or even anode-free

SMBs, the capacity and lifespan of cell will be directly impacted by
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Fig. 1. (a) Schematic representation of the process of preparation of PAN-G@Sb. (b)

SEM image of top of PAN-G@Sb. (c) SEM image of cross-section of PAN-G@Sb. (d)

Corresponding EDS elements mapping of cross-section of PAN-G@Sb.

the initial Coulombic efficiency (ICE) and irreversible Na consump-

tion, which are much more challenging to induce homogeneous

Na deposition and impede dendrite growth. Therefore, reduction

of Na nucleation barrier and regulation of subsequent Na plat-

ing/stripping are crucial to achieve suitable current-collectors for

SMBs under limited Na condition. We have developed a dual layer

structure with sodiophilic layer composed of graphene@antimony

nanoparticles (G@Sb) and 3D protective layer constructed of poly-

acrylonitrile (PAN) nanofibers (PAN-G@Sb) to spatially control Na

deposition. The G@Sb layer offers abundant nucleation sites to

guide the homogeneous Na plating, due to its high Na affinity. The

PAN layer confine Na deposition to suppress dendrite growth, as-

cribed to its insulating 3D framework. As a result, the dual layer

host display an impressive average Coulombic efficiency of 99.8%,

stable Na plating/stripping for 1000 cycles at a current density of

2.0mA/cm2 with 1.0mAh/cm2 capacity, and over 1000h of stable

operation in symmetric cells at 2.0mA/cm2. The full cell (N/P ra-

tio=1.4) using thick NVP cathode (16.2mg/cm2) and Na-PAN-G@Sb

host (2mAh/cm2 Na pre-deposition) exhibits high cycling stability

with capacity retention of 98.7% after 250 cycles and reaches an

excellent energy density over 280Wh/kg. Moreover, the anode-free

full cell also displays a superior capacity retention of 91.0% at 0.5 C

after 50 cycles, demonstrating the stable operation of high energy

SMBs.

As illustrated in Fig. 1a, the 3D dual layer host is fabricated by

coating G@Sb on Cu foil combined with subsequent electrospin-

ning technology. Fig. 1b illustrates the 3D network structure at

the top of the PAN fiber. As shown in Figs. 1c and d, the thick-

ness of G@Sb bottom layer and PAN framework top layer is around

4μm and 18μm, respectively (The carbon layer on PAN layer is

coated for Ar ion beam cutting). The ball milled Sb nanoparticles

with 53.1% mass ratio are uniformly distributed within graphene

sheets (Figs. S1a, b and S2 in Supporting information), which is

confirmed by energy dispersive spectroscopy (EDS) mapping and

X-ray diffraction (XRD) pattern (Figs. S1c and S3 in Supporting in-

formation). The 3D framework is interwoven by PAN fibers with

uniform diameter of 200nm. The chemical composition of PAN

was analyzed by X-ray photoelectron spectroscopy (XPS) measure-

ments (Fig. S4 in Supporting information). The characteristic peaks

of O, N, and C are displayed in XPS full spectrum (Fig. S4a). The

fitted peaks of N1s spectrum represent the existence of pyrrolic-

N (400.6 eV), and pyridinic-N (398.2 eV), while O1s spectrum can

be divided into three peaks corresponding to C=O bond (530.3 eV),

O–H bond (530.8 eV), and C–O bond (531.9 eV) (Figs. S4b and c in

Supporting information). The abundant sodiophilic N and O play a

critical role in spatially regulating Na+ distribution, thus enhancing

the uniform deposition of Na [19,34,35].

Fig. 2. (a) Nucleation overpotential profile of Na plating for PAN-G@Sb, G@Sb, Cu

at 1.0mA/cm2. (b) ICE of PAN-G@Sb, G@Sb, Cu at 1.0mA/cm2 with 1.0mAh/cm2. (c)

CE of Na plating/stripping on PAN-G@Sb, G@Sb, Cu at 2.0mA/cm2 with 1.0mAh/cm2

and (d) corresponding galvanostatic discharge/charge profiles. (e) Voltage profiles

of symmetric cells with Na-Cu and Na-PAN-G@Sb electrodes at 1.0mA/cm2 with

1.0mAh/cm2.

The half cells (Cu||Na, G@Sb||Na and PAN-G@Sb||Na) with

1mol/L NaPF6 in dimethoxyethane (DME) as electrolyte are assem-

bled to evaluate the Na plating/stripping performance of differ-

ent substrates. As shown in Fig. 2a, compared to the initial nu-

cleation overpotential for bare Cu foil (16.7mV), it significantly de-

clined after introduction of G@Sb layer, which suggests that the

sodiophilic Sb nanoparticles reduce the nucleation barrier of Na

deposition and disperse the Na ions flux. Fig. 2b exhibits initial

voltage profiles of Na plating-stripping process for the cells with

the capacity of 1.0mAh/cm2. The substrates with G@Sb layer show

an alloy plateau (3Na+ Sb=Na3Sb) at the beginning of the dis-

charge, which facilitates the uniform SEI formation, leading to ris-

ing ICE of 95.0% and 93.7% for G@Sb||Na and PAN-G@Sb||Na, re-

spectively. The cut-off voltage of cells is fixed at 0.3V to main-

tain the stabilization of Na3Sb (Fig. S5 in Supporting information).

The larger contact area between the electrolyte and 3D framework

leads to the relative lower ICE for PAN-G@Sb||Na. The rate perfor-

mance of the cells was tested using different current densities from

0.5mA/cm2 to 4.0mA/cm2 (Fig. S6a in Supporting information).

Both PAN-G@Sb||Na and G@Sb||Na exhibit high cycling stability

with nearly same overpotential (36.2mV, 36.8mV) at 4.0mA/cm2,

much lower than Cu||Na (67.6mV) (Fig. S6b in Supporting infor-

mation). Fig. 2c displays the CE of Na plating/stripping for PAN-

G@Sb||Na maintains above 99% after 1000 cycles at 2.0mA/cm2.

In comparison, the CE of Cu||Na appears severe fluctuation after

50 cycles, as well as the G@Sb||Na after 250 cycles, indicating the

3D PAN framework can effectively suppress Na dendrite growth

in long term cycle. The corresponding voltage profiles of PAN-

G@Sb||Na at different cycles are obviously overlapped with the low

voltage hysteresis of less than 21mV even after 800 cycles (Fig. 2d

and Fig. S7 in Supporting information). In order to achieve accu-

rate Na plating/stripping efficiency on plated Na substrate, Aur-

bach CE tests are also employed [36]. A single Na plating/stripping

cycle at 10.0mAh/cm2 was performed on bare Cu foil and PAN-

G@Sb to eliminate the ICE influence of different substrates. Then

10.0mAh/cm2 of Na was pre-deposited on PAN-G@Sb and Cu as a
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Na reservoir (QT). After that, the cells were cycled 10 times with a

fixed capacity of 1.0mAh/cm2 (QC) at 1.0mA/cm2 and stripped to

0.3V in the end (QS). The average Coulombic efficiency was calcu-

lated by Eq. 1.

CEavg = (nQC + QS)/(nQC + QT) (1)

The Na average CE of Cu foil is only 86.0%, much lower

than that of 99.8% on PAN-G@Sb (Fig. S8 in Supporting informa-

tion). As the areal capacity are increased from 1.0mAh/cm2 to

10.0mAh/cm2, the PAN-G@Sb||Na still demonstrates a highly re-

versible Na plating/stripping process (Fig. S9 in Supporting infor-

mation).

The symmetric cells were assembled to evaluate the interfacial

stability of bare Cu foil and PAN-G@Sb. As shown in Fig. 2e, the cell

using PAN-G@Sb shows a stable cycling over 1000h at 1.0mA/cm2

with 1.0mAh/cm2 and displays a low voltage hysteresis in the

range of 14.5–22.0mV. When the current increased to 2.0mA/cm2,

the cell still maintains the cycling stability over 1000h (Fig. S10a

in Supporting information). In contrast, the cells with bare Cu foil

exhibit unstable and irregular voltage hysteresis at a current den-

sity of both 1.0mA/cm2 and 2.0mA/cm2, which are short-circuited

after 11 and 9h, respectively. The rate performance of the symmet-

ric cells at different current densities with a fixed areal capacity

1.0mAh/cm2 are estimated (Fig. S10b in Supporting information).

The G@Sb sodiophilic layer and 3D PAN framework enables the cell

with an available current density up to 8.0mA/cm2, indicating the

highly rate capability of PAN-G@Sb.

The morphologies of Na plating/stripping on different substrates

after 10 cycles are characterized by SEM analysis. An irregular

cracked surface can be observed on bare Cu foil at 1.0mA/cm2 with

2.0mAh/cm2 depositions (Fig. 3a), which becomes mossy after Na

stripping off (Fig. 3e), indicating the residual "dead Na". In com-

parison, with the introduction of G@Sb layer, there is a dense and

uniform Na deposition layer on the surface, which displays highly

reversible as well (Figs. 3b and f). For PAN-G@Sb substrate (Figs. 3c,

d, g and h), most of Na deposits on the bottom of G@Sb layer when

the capacity is 2.0mAh/cm2, which is consistent with EDS map-

ping of Na distribution (Figs. 3i-m). With the capacity increased

to 6.0mAh/cm2, a large amount of Na deposits into the 3D PAN

framework without dendrite formation (Figs. 3d and h), demon-

strating that the PAN-G@Sb enable a uniform and stable Na plat-

ing/stripping along the lateral plane of host, which should be due

to the synergistic effects of uniform Na nucleation by sodiophilic

G@Sb layer as well as homogeneous Na distribution by 3D PAN

framework.

To investigate the feasibility of PAN-G@Sb substrate, limited

amount of Na (2.0mAh/cm2) was pre-deposited on it to obtain

Fig. 4. (a) Cycling performance of the full cells at a rate of 0.33 C (N/P ratio=1.44).

(b) Corresponding charge/discharge profiles of Na-PAN-G@Sb||NVP from 1 to 250

cycles. (c) Cycling performance of the full cells at a rate of 1 C (N/P ratio=15.7).

(d) Ragone plot for the full cells compared to previously reported SMBs. (e) Cycling

performance of the full cells at a rate of 0.5 C (N/P ratio=0). (f) Corresponding

charge/discharge profiles of PAN-G@Sb||NVP from 4 cycles to 50 cycles.

the Na-PAN-G@Sb anode before full cells were assembled. The

cells were based on these anodes and NVP cathode. In a SMBs

by pairing excess Na metal anode, the NVP delivers a capacity of

108.6mAh/g at 1 C (117.0mA/g) (Fig. S11 in Supporting informa-

tion). In order to verify the performance of PAN-G@Sb in high

energy SMBs, the full cells were assembled with a low N/P ra-

tio of 1.4 (Fig. 4a, loading mass of NVP up to 16.2mg/cm2), pro-

viding a high energy density of 284.6Wh/kg at a rate of 0.33 C

(based on total active material of cathode and anode, including

pre-deposited Na), displaying a 98.7% capacity retention after 250

cycles (per cycle capacity decay rate of 0.005%). The corresponding

voltage profiles of the cell at different cycle numbers are shown

in Fig. 4b, suggesting the high cycling stability due to the nearly

overlapped charge/discharge curves. In contrast, the full cell with

same N/P ratio using Na-Cu anode exhibits rapidly capacity decay,

Fig. 3. SEM images of (a) Cu, (b) G@Sb, (c) PAN-G@Sb at 1.0mA/cm2 with Na plating capacity of 2.0mAh/cm2, and the corresponding electrodes after Na stripping at

1.0mA/cm2 with 2.0mAh/cm2: (e) Cu, (f) G@Sb, (g) PAN-G@Sb. SEM image of PAN-G@Sb (d) plating and (h) stripping at 1.0mA/cm2 with 6.0mAh/cm2. (i-m) SEM image and

the corresponding EDS elements mapping of cross-section of PAN-G@Sb in Na plating state at 1.0mA/cm2 with 2.0mAh/cm2.
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which can only operate 13 cycles. The results of electrochemical

impedance spectroscopy impedance analysis indicate PAN-G@Sb-

Na anode show the lower charge transfer resistance and interfa-

cial resistance than Cu-Na anode, suggesting its excellent reaction

kinetics and stable interface (Fig. S12 and Table S1 in Supporting

information). When the cell with a normal N/P ratio (15.2, load-

ing mass of NVP reduced to 2.1mg/cm2), the Na-PAN-G@Sb||NVP

has an energy density of 145.5Wh/kg at a rate of 1 C (Fig. 4c),

and achieves over 1600 cycles with a capacity retention of 96.03%

(per cycle capacity decay rate of 0.0025%). The charge/discharge

curves at different cycles also show its highly reversible Na stor-

age performance (Fig. S13 in Supporting information). Benefiting

from the synergistic effect of top 3D PAN protective layer and bot-

tom G@Sb sodiophilic layer, the full cells demonstrate high energy

density, long cycling life and superior capacity retention, which are

rarely achieved in previous reported SMBs (Fig. 4d and Table S2 in

Supporting information) [37-43]. The initial three cycles of cyclic

voltammetry curves show that the Na-PAN-G@Sb||NVP cell displays

smaller electrochemical polarization during charge and discharge

than that of Na-Cu||NVP cells (Fig. S14 in Supporting information).

Furthermore, the rate performance of Na-PAN-G@Sb||NVP cell at

different current densities was tested (Fig. S15 in Supporting in-

formation), which obtain a discharge capacity of 108.5, 105.7 and

98.7mAh/g at 2, 5 and 10 C rate.

Moreover, the anode-free full cell was also assembled using

PAN-G@Sb substrate and high-loading NVP cathode (≈ 7.7mg/cm2)

to further investigate the practical feasibility of PAN-G@Sb. There

is no active Na metal pre-deposited on the substrate. As shown

in Fig. S16 (Supporting information), the cell (N/P ratio=0) deliv-

ers a reversible capacity of 84.1mAh/g with an initial CE of 72.5%,

which increases to 99.4% after 6 cycles (Fig. 4e). The large irre-

versible capacity loss in the first cycle should be due to the for-

mation of abundant SEI. The PAN-G@Sb||NVP cell exhibits a high

energy density of 277.5Wh/kg with excellent capacity retention

of 91.0% after 50 cycles at 0.5 C (Fig. 4f), further confirming the

key role of dual-layer host in the stable SMBs [19,44]. The re-

sults also indicate that PAN-G@Sb can be a potential candidate

as promising current collector for high energy and high stable

SMBs.

In summary, we have developed a 3D dual-layer host with so-

diophilic G@Sb bottom layer and 3D PAN framework top layer by

combining facile coating and electrospinning process. The dual-

layer host can not only provide sufficient nucleation sites to induce

homogeneous Na plating, but also regulate the stable and lateral

Na growth. Therefore, the dual layer host exhibits an impressive

Na plating/stripping for 1000 cycles at 2.0mA/cm2, and stable cy-

cling in symmetric cells over 1000h. The full cell with N/P ratio

of 1.4 using NVP cathode and Na-PAN-G@Sb host displays a high

energy density of 284.6Wh/kg and excellent cycling stability with

capacity retention of 98.7% after 250 cycles. Furthermore, after 50

cycles at 0.5 C, the PAN-G@Sb||NVP anode-free full cell also ex-

hibits a superior capacity retention of 91.0%, illustrating the sta-

ble operation of high energy SMBs. This work provides a fresh in-

sight into facile constructing high stability, high-performance and

low costs 3D dual layer host for safe and high energy density

SMBs.
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