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Sodium-ion batteries are promising as next-generation energy storage bat-
teries, while suffer from the limited energy density. Initially anode-free sodium

batteries effectively alleviate this predicament, but they are primarily hindered
by uneven plating/stripping behavior, especially at high rates and low tem-
peratures. Herein, we propose a fluorinated sodiophilic interphase towards
high-rate and low-temperature initially anode-free sodium batteries. Systemi-
cally comparison between various interphase reveals that Na-alloying-metal
containing interphase with high Na adsorption energy and low lattice mis-
match facilitates uniform spherical Na plating under high current densities.
Besides that, the in-situ formed sodium fluoride strengthens the mechanical
properties of the interphase and regulates Na deposition. The optimized BiF5-
derived interphase enables stable Na plating/stripping for over 2800 hours
with an average Coulombic efficiency of 99.90%, high-rate capability at

20 mA cm™?, and low-temperature adaptability at =30 °C. Coupled with

NasFe;(PO,),P,0; positive electrode, initially anode-free full batteries deliver
specific powers of 8257.5W kg™ at 25 °C and 486.9 W kg™ at 30 °C (based on
the mass of active materials). The assembled pouch-cell operate stably at a
high rate of 7 C (1 C =100 mA g™*). This work provides a strategic framework for
advancing initially anode-free sodium battery technology.

Sodium-ion batteries (SIBs) have emerged as promising alternatives to
lithium-ion batteries (LIBs) due to the abundance of sodium resources
and enhanced safety, while their widespread adoption is hindered by
the relative low energy density™. Initially anode-free sodium batteries
(AFSBs), which eliminates the conventional hard carbon negative
electrode and minimizes electrolyte usage, represent a transformative
paradigm for maximizing energy density in sodium-based energy
storage systems (Fig. 1a)>*. Nevertheless, the initially anode-free con-
figuration relies on Na plating/stripping onto the current collector,
which suffers from inherently sluggish kinetics. Moreover, the fragile
solid electrolyte interphase (SEI) on the negative electrode current

collector undergoes repeated cracking and restructuring during het-
erogeneous Na  plating/stripping,  exacerbating  capacity
degradation®®. Under high current density or low temperature condi-
tions, increased polarization and intensified sodium dendrite growth
severely compromise plating/stripping reversibility*’. To date, a sub-
stantial performance gap persists between initially anode-free bat-
teries and state-of-the-art SIBs in terms of high-power adaptability
(Fig. 1b)**°. Various current collector modifiers such as 3D host
materials'”, sodiophilic metals**** and artificial SEI"'® for durable
AFSBs have been explored recent years, and several electrolyte reg-
ulation and separator engineering strategies have also been
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Fig. 1| Fluorinated Sodiophilic Interphase Design for high-rate initially anode-
free sodium battery. a Configurations of Na-ion battery and initially anode-free Na
battery and the comparisons of energy densities. b Comparisons of power densities

of published initially anode-free alkali-metal batteries with state-of-the-art SIBs.
Schematic illustrations of sodiation and Na plating/stripping behavior on bare Al
(c), Na-non-alloying metal fluorides (d) and Na-alloying metal fluorides (e).

proposed’”*°, Nevertheless, AFSBs with specific powers exceeding
10°W kg™ remain rare, and the interphase design criterion towards
high-power AFSBs is still lacking. Moreover, AFSBs for low-
temperature scenarios were seldomly reported. Interphase for high-
power and low-temperature AFSBs has thus become significant
research frontier, with the potential to unlock the full potential of this
promising technology.

In this work, various metal fluorides were selected and coated
onto Al current collector (noted as MF,@Al). As shown in Fig. 1c, fragile
SEI forms on bare Al at initial sodiation, and plated Na shows hetero-
geneous morphology under the low current density. Further plating
might break the interphase and deteriorate the battery performance.
MF, @Al current collectors benefit both mechanical property and
interphasial sodiophilicity, while the durability at high current den-
sities depends on the selection of metal element. The Na-non-alloying
metal fluorides derived interphase exhibits low affinity for Na, result-
ing in irreversible Na loss at high current densities (Fig. 1d). In contrast,
the sodiophilic interphase derived from Na-alloying metal promotes
homogeneous Na plating, thereby significantly improving battery
performance at high current densities (Fig. 1e). The optimized BiFs-
derived interphase exhibits fast kinetics and high reversibility.

Consequently, the BiF;@Al current collector not only achieves stable
Na plating/stripping for over 2800 h with an average Coulombic effi-
ciency (CE) of 99.90% but also demonstrates high-rate capability of
20 mA cm™ and low-temperature adaptability at —30 °C. Furthermore,
the BiF;@Al||NasFe3(PO,4),P,0- full batteries exhibit a specific power of
8257.5Wkg™ (with a specific energy of 112.4 Whkg™) at 25°C and
486.9 Wkg™ (80.7 Wh kg™) at —30 °C. The full batteries exhibit exten-
ded cycle stability (over 1600 cycles) at 1 C and -30 °C. The assembled
BiF;@Al|INasFe;(PO,4),P,0, pouch cells demonstrated stable opera-
tion at the high rate of 7 C. This work provides valuable insights for
interphase design towards high-power AFSBs, and sheds light on their
future development.

Results

Effect of the in-situ conversion products of metal fluorides

To investigate the impact of metal elements of the fluorides on Na
nucleation and growth behavior, six metal fluorides were selected and
coated on the aluminum current collector, three of which cannot be
alloyed with Na (FeF;, CoF,, and NiF,) and others can be alloyed with
Na (ZnF,, SnF,, and BiF3), as shown in Fig. 2a. Na|[MF, @Al cells were
assembled and tested at 1mA cm?@1mAhcm™ in an ether-based
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Fig. 2 | Effect of metal-fluoride-derived interphase on Na plating behavior.

a Selection of metal elements for two classes of fluoride materials. b Voltage profile
of metal fluorides during the first discharge process at 25 °C and the reaction
equation. Inset: enlarged curve near 0 V. ¢ Comparisons of nucleation over-
potential, deposition overpotential, and average CE of the 2nd to 100th cycles of Na
plating/stripping at 1 mA cm @1 mAh cm™ of Na||MF @Al at 25 °C. d Schematic
illustration of the influencing factors of CE in anode-free batteries. e Comparisons
of lattice mismatch, adsorption energy, nucleation overpotential, deposition
overpotential, and average CE of the 2" to 1007 cycles at 1 mA cm @1 mAh cm™ of

bare Al, CoF,@Al, ZnF,@Al, and BiF;@Al. f Comparisons of the distributions of CE
from 2nd to 50th cycles at 5 mA cm™?@1 mAh cm™ of SnF,@Al, ZnF,@AIl, and
BiF3@Al at 25 °C. Data are presented as mean values + SD. 49 values are used to
derive the SD. g Top-view SEM images and schematic illustrations of 0.2 mAh cm™
of Na plating at 25 °C on bare Al, ZnF,@Al and BiF;@Al at a high current density of
10 mA cm™. h Simulated current density distribution on bare Al, ZnF,@AIl, and
BiF3@Al at a current density of 1 mA cm™ via COMSOL. i Schematic illustration of
the Na plating process on bare Al, ZnF,@Al and BiF;@Al.

electrolyte (1.0 M NaPF4-diglyme) owing to its high stability on Na
metal and low-temperature adaptability, as the ester-based electrolyte
shows poor stability in initially anode-free system (Supplementary
Fig. 1). Figure 2b shows the typical voltage profile of a metal fluoride
during the first discharge process. In Region |, a plateau at about 0.5V
is ascribed to the in-situ electrochemical reaction between MF, and Na*
below:

Na® +e” +MF, — M(NaM,)+ NaF o

After that, the voltage rapidly drops below 0V, followed by the
emergence of an extended plateau slightly below OV in Region II,
corresponding to the Na nucleation and deposition processes. In the
inset of Fig. 2b, the voltage hysteresis of the discharge curve is noted as
nucleation overpotential, and the plateau voltage of Region Il is noted

as deposition overpotential. Clearly, alower nucleation and deposition
overpotential facilitates uniform Na deposition and subsequent effi-
cient stripping, which is expected to achieve a high CE. The over-
potentials and average CEs between 2 and 100 cycles of metal fluorides
are shown in Fig. 2c and Supplementary Fig. 2. Metals which can be
alloyed with Na show lower overpotentials and higher average CEs.
Among them, BiF;@Al exhibits the lowest nucleation and deposition
overpotential (2.5 and 3.1 mV), suggesting favorable Na nucleation and
uniform growth. As expected, BiF;@Al displays the highest average CE
0f 99.85%. Therefore, we preliminarily screened out BiF; as the optimal
metal fluoride modifier for AFSBs.

To further prove this result and verify its consistency under high
current densities, multiple factors influencing Na nucleation and
growth are taken into account. In Fig. 2d, Na nucleation behavior on
the modified current collector is influenced by the Na adsorption
energy on the electrolyte-electrode interphase and the nucleation
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overpotential. Furthermore, Na growth behavior is determined by the
lattice mismatch between Na and the interphase, as well as the
deposition overpotential. The interplay between Na nucleation and
growth behavior ultimately dictates the cycling performance of
AFSBs"., Density functional theory (DFT) calculations reveal the Na
adsorption sites and adsorption energy (E,) on various fluoride-
derived interphases (Supplementary Fig. 3 and Supplementary Data 1),
while the lattice mismatch is calculated using the following equation:

§= |aMa_MaNa | (2)

where ay, and ay; are the lattice constant of Na and the metal,
respectively. For Na-alloying metals, ay; is placed by angp , such as
aNazn, and ANa,Bi- Comparative results are summarized in Fig. 2e.
Specifically, although Na exhibits a low lattice mismatch (-6%) with Al,
it shows a low E,, of only —0.35 eV, indicating poor sodiophilicity. As a
result, bare Al exhibits the highest nucleation overpotential and a low
average CE of ~97.9%. Similar to the phenomenon observed with bare
Al, CoF,@Al exhibits high nucleation and deposition overpotentials,
primarily due to its sodiophobic nature. Fortunately, the formation of a
NaF-rich interphase derived by CoF, improves the CE of Na plating/
stripping. In contrast, Zn, which can alloy with Na, shows a higher
sodiophilicity (E,=-0.89eV on NaZny). However, its Na plating/
stripping reversibility is still inadequate due to the huge lattice
mismatch of Na with NaZny3 (-61%). Among all selected metal fluorides,
BiF;-derived interphase exhibits the highest sodiophilicity
(Ep=-1.12 eV on Na;Bi), low lattice mismatch (13.1%), and the lowest
overpotential, hence shows the highest average CE. Even when the
current density increases to 5mA cm™, BiF;@Al still exhibits a high
average CE of 99.75%, while other five fluorides suffer from severe CE
fluctuations (Fig. 2f and Supplementary Fig. 4). In Supplementary
Fig. 5, only BiF;@Al remains stable for over 300 cycles at higher
current density of 10 mA cm™, while ZnF,@Al exhibits more severe CE
fluctuations and other four fluorides fail within several cycles. Notably,
the voltage profiles of “CE>100%" cells are shown in Supplementary
Fig. 6, where the voltage fluctuation during charging process indicates
the cell soft short-circuit during Na stripping. In Supplementary Fig. 7,
BiF;@Al still maintains stable even at 20 and 30 mA cm™. Overall, BiF;
demonstrates its potential as an interphase modifier for high-
power AFSBs.

Na nucleation morphology has a profound impact on Na plating/
stripping reversibility, and it generally deteriorates under high current
density". Therefore, scanning electron microscopy (SEM) is employed
to visualize the morphology of plated Na. The current densities were
set as 10 and 1 mA cm?, respectively, and the Na plating capacity was
set as 0.2mAhcm™. In Supplementary Fig. 8a, b, needle-like Na is
observed on bare Al and CoF,@AIl (metals cannot be alloyed with Na),
which might lead to dendritic Na and deteriorate the Na plating/
stripping reversibility. This phenomenon becomes more pronounced
as the current density increases to 10 mA cm™. In Fig. 2g and Supple-
mentary Fig. 9a, the Na nuclei become sharper and more voids are
observed on bare Al and CoF,@Al, suggesting sluggish nucleation
kinetics. In contrast, spherical Na is observed on ZnF,@Al and BiF;@Al
(metals can be alloyed with Na), as shown in Fig. 2g and Supplementary
Fig. 8c, d. Notably, the spherical Na on the BiF;@Al are uniform at both
1 and 10 mA cm™?, while the Na nuclei on ZnF, seem to grow unevenly
and collapse at high current density, which might be ascribed to the
huge lattice mismatch between Na and NaZnys. These results suggest
the advantage of BiFs-derived interphase on boosting Na nucleation
and inducing Na even plating kinetics. The advantage of the BiF; in
facilitating fast and reversible Na plating/stripping was further inves-
tigated by finite element analysis (FEA), as shown in Fig. 2h and Sup-
plementary Fig. 9b. The color variations denote differences in current
density. On bare Al and CoF,@Al, the current densities are notably

concentrated at surface protrusions, leading to uneven Na nucleation
and promoting Na dendrite growth. In contrast, the current density
distributions on ZnF,@AIl and BiF;@AIl are more uniform, indicating
that Zn- and Bi-contained interphase can homogenize the current
density distribution, thereby facilitating even Na nucleation. Between
this group, BiF;@Al shows the most uniform current density dis-
tribution, which further confirming its effectiveness in achieving uni-
form Na nucleation morphology. As summarized in Fig. 2i, Na suffers
from sluggish nucleation process on bare Al, which leads to dendritic
Na growth. Na-alloying-metal-rich interphase accelerates Na nuclea-
tion owing to the increased E,, while Na tends to over-aggregate due to
huge lattice mismatch between Na and ZnF,-derived interphase. On
the contrary, BiFs-derived interphase facilitates fast nucleation and
uniform Na growth benefiting from high E, and low lattice mismatch.

The electrochemical performance of AFSBs is largely dependent
upon the properties of SEI, especially under high current density. Thus,
the composition and properties of the SEI were systematically ana-
lyzed in order to investigate the regulatory effect of the BiFs-derived
interphase on Na growth, as shown in Fig. 3. X-ray photoelectron
spectroscopy (XPS) analysis with depth profiling was employed to
analyze the chemical composition of SEI formed on bare Al and
BiF;@Al surface after 20 cycles of Na plating/stripping at a high cur-
rent density of 10 mA cm™. In Fig. 3a, b, both bare Al and BiF;@Al show
four peaks at 284.8, 285.9, 287.5, and 289.5 eV, corresponding to C-C,
C-0-C, O-C=0, and C=0, respectively. Peaks at 532.0 and 534.2 eV
attribute to C-O and RO-COONa, both derived from diglyme
decomposition. Notably, BiFs@Al exhibits lower O-C=0 and RO
-COONa contents compared to bare Al, with a faster C content
decrease as etching depth increases, indicating that the NaF formation
suppresses diglyme reduction. In the F 1s spectra, peaks at 684.5 eV
and 688.2eV are ascribed to Na-F and P-F, respectively. While P-F
arises from NaPF4 decomposition, the higher Na—F content on BiF;@Al
confirms in-situ NaF formation. Similarly, in the Na 1s spectra, peaks at
1071.3 and 1072.6 eV correspond to Na-O and Na-F, with NaF content
significantly higher on BiF;@Al (15.9%) than bare Al (8.0%). As the
etching depth increases, the proportion of NaF on BiF;@Al increases
to 28.3%, and in contrast, it slightly decreases to 7.5% on bare Al. The
atomic ratio of all elements on bare Al and BiF;@Al is shown in Sup-
plementary Tables 1 and 2. It can be confidently stated that the intro-
duction of BiF; increases the proportion of inorganic components in
the interphase and thereby enhancing its mechanical properties, as the
atomic ratio of C and O element decreases and the ratio of F and Na
increases owing to the suppression of the decomposition of the
organic solvent.

High resolution transmission electron microscope (HR-TEM) and
selected area electron diffraction (SAED) further confirm the conver-
sion of BiF3 to NasBi and NaF. In Supplementary Fig. 10a, the lattice
fringes measuring 0.333 and 0.231 nm correspond to the (102) plane of
Na;Bi and the (002) plane of NaF, respectively. SAED patterns also
corroborates the presence of NasBi and NaF (Supplementary Fig. 10b),
specifically displaying the (102) and (203) planes of NazBi and the
(002) plane of NaF. Similar results are observed in X-ray diffraction
(XRD) patterns of discharged BiF5; (Supplementary Fig. 11), as it exhi-
bits peaks that corresponds to the standard peaks of Na;Bi (JCPDS No.
04-0351) and NaF (JCPDS No. 36-1455) as well as the standard peaks of
Bi (JCPDS No. 44-1216). These results provide evidence that BiF;
introduces an NaF-rich and sodiophilic Bi-contained interphase
expectedly.

To confirm the effectiveness of NaF on boosting the SEI property,
Na" diffusion barriers through NaF and Na,O, the two primary SEI
inorganic components, were investigated via DFT calculation. As
shown in Supplementary Fig. 12 and Supplementary Data 1, NaF exhi-
bits a lower Na* diffusion barrier (0.022eV) than Na,O (0.031eV),
indicating fast Na* transport kinetics in the NaF-rich interphase, which
also confirms that the in-situ formation of NaF is beneficial to the fast-

Nature Communications | (2026)17:264


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66965-5

a (3
Na 1s Fi1s O1s C1s 7
4 10.0 GPa
Na-0 pF c-0-C
. - - Na-F x . C-
0 » N Na Auger RO-COONa -0 c=o 0-C=0 , CC
g Py . . S O . w0 =
g 2 . £
5 & »r . _— =
2 - 08
E’ ) e, S {10 2
= & £ -10.0 GPa
S i SS—— . S i S o W
1076 1072 1068 692 688 684 540 536 292 288 284
Binding energy (eV)
b Na1s F1s O1s C1s d
Na-O
. Na-F PF Na-F NaAuger ~ RO-COONa coc § 30.0GPa
0 o OO C=0 0-C=0 .+, C-C
g y R 0 2
s . £
o - -. 2, =
8 — e s = i - e —— el 20 £
B " [
i S
2 i i el - 10 2
= S -20.0 GPa
e R et e g et | (I
1076 1072 1068 692 688 684 540 536 292 288 284
Binding energy (eV)
i 4.0

Positive electrode: Na,Fe,4(PO,),P,0,
35

3.0S
2.5%
208

15

' 1:0

the 3 cycle

Dendrites

Displacement ...}

Plating g sensor =
=121 b
= 12 L
o B
% ol :
% 9 Electrochemical
o3 6 workstation
b Unit: mm Ah”!
o 3] Bare Al: 5.28
3}
c
=z 0 BiF @Al 2.94
[=

State of charge

Fig. 3 | SEI properties and Na growth behaviors on bare Al and BiF;@Al. XPS
depth profiles of bare Al (a) and BiF;@Al (b) after 20 cycles of Na plating/stripping
at 25°C and 10 mA cm™ @1 mAh cm™. Young’s modulus maps of bare Al (c) and
BiF;@Al (d) after 20 cycles of Na plating/stripping at 25°C and

10 mA cm @1 mAh cm™ Cross-section SEM images of 1 mAh cm™ of Na plated on

bare Al (e) and BiF;@Al (f) at 1, 5, and 10 mA cm™ at 25 °C. In-situ optical micro-
scopy of Na plated on bare Al (g) and BiF;@Al (h) at 1 mA cm™ at 25 °C. i Voltage
profile and the in-situ thickness expansion curves of Al|[Na,Fe;(PO,),P,07 and
BiF;@Al||NasFe3(PO,4),P,0; anode-free sodium batteries at 25 °C. Inset: Schematic
illustration of the in-situ thickness monitoring system.

charge performance. It is worth mentioning that the pure Bi-derived
interphase (corresponding modified current collector is named as
Bi@Al) shows similar overpotential as the BiFs-derived interphase, but
Bi@AI exhibits a lower average CE of 99.59% than that of BiF;@Al
(99.85%) in the 2"-100" cycles, and its performance under harsh
condition become worse (Supplementary Fig. 13). Top-view SEM of
plated Na on Bi@Al (Supplementary Fig. 14) revealed that although
uniform morphology can be observed at 1 mA cm™?@1 mAh cm™?, the
plated Na under high current density (10 mA cm™*@1 mAh cm™) shows
a locally even morphology with obvious cracks and holes. These phe-
nomena indicate the essentiality of in-situ introduction of NaF in the
interphase. Furthermore, atomic force microscope (AFM) was applied
to understand the mechanical properties of SEI on the surface of bare
Al and BiFs3@Al. Figure 3c, d show the Young’s modulus maps of bare Al
and BiF;@Al after 20 cycles of Na plating/stripping at
10 mA cm2@1 mAh cm?, respectively. The BiF;@Al exhibits a higher
Young’s modulus of 10.80 GPa than bare Al (2.58 GPa). Moreover, in
Supplementary Fig. 15, the cycled BiF; @Al shows a flatter surface with
a lower root mean square height (Rq, 39.3 nm) compared with that of
bare Al (86.3 nm). In addition, Bi@Al shows middle value (8.74 GPa and
63.6 nm, Supplementary Fig. 16), indicating the synergy between bis-
muth and fluorine in promoting interphase properties. All results
suggest that the formation of NaF enhances the mechanical properties
of the SEI and the Na* transfer kinetics and suppresses Na dendric
growth, contributing to stable Na plating/stripping at high current
density.

SEM analysis of Na deposition morphology further highlights the
advantages of BiF;, as shown in Supplementary Fig. 17. At
1mA cm™ @1 mAh cm™, bare Al exhibits a porous surface with needle-
like features. As the areal capacity increases to 5mAhcm™, cracks
appear on deposited Na, which might be caused by the collapse and
reconstruction of SEI during plating process (Supplementary Fig. 17c).
The morphology even worsens at higher current densities
(10 mA cm™@5 mAh cm™, Supplementary Fig. 17e), as more cracks
and holes are observed on the surface of deposited Na. In contrast,
BiF; @Al shows smooth and even Na deposition under identical con-
ditions (Supplementary Fig. 17b, d) and still maintains uniform sphe-
rical protrusions even at the harsh condition of
10 mA cm2@5 mAh cm™ (Supplementary Fig. 17f). Cross-section SEM
images of 1 mAh cm™ of Na plating on bare Al and BiF;@Al at different
current densities show that the plated Na on BiF;@Al is dense and
uniform with minor thickness change (27.3-33.9 um) as the current
densities increase from 1to 10 mA cm™ (Fig. 3e). In contrast, Na plated
on bare Al exhibits a loose and porous morphology with uneven dis-
tribution at both low and high current densities (Fig. 3f). As shown in
Supplementary Fig. 18, the plated Na exhibits uniform distribution at
various current densities by energy dispersive spectroscopy (EDS)
mapping, while relatively weak Na signals can be captured on bare Al.
Na plating morphology at both high current density and high areal
capacity (10 mA cm@5 mAh cm™) further reveal denser Na layers on
BiF;@Al compared to bare Al, with respective thicknesses of 99 and
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Fig. 4 | Reversible Na plating/stripping behavior on bare Al and BiF;@Al. a CEs
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at 25 °C. Inset: corresponding nucleation and deposition overpotential. ¢ CEs of Na
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plating/stripping of Na||Al and Na||BiF;@Al cells at 1 mA cm™@5 mAh cm™ at 25 °C.
Inset: voltage profiles of the 10th cycle. d CEs of Na plating/stripping of Na||Al and
Nal|BiF;@Al cells at 20 mA cm™@2 mAh cm™ at 25 °C. e Voltage profiles of Na]|Al
and Na||BiF;@Al cells at -30 °C and 0.5 mA cm@1 mAh cm™ f CEs of Na plating/
stripping of Nal|Al and Na||BiF;@Al cells at =30 °C and 0.5 mA cm@1 mAhcm™.

168 pm (Supplementary Fig. 19). These demonstrate the role of BiFz in
suppressing dendrite and mitigating volume expansion during cycling.

In order to further visualize the function of BiF;-derived inter-
phase in suppressing Na dendrite growth and volume expansion, in-
situ measurements were introduced, including in-situ optical micro-
scopy and in-situ thickness tests. The in-situ optical microscopy of Na
plating on bare Al and BiF3@Al was conducted, as shown in Fig. 3g, h.
Na plated on bare Al exhibits a dendritic morphology with detach-
ment, while BiF3@AIl demonstrates uniform Na plating. In-situ thick-
ness tests directly confirm that BiFs;-derived interphase reduces
volume expansion during Na deposition on the negative electrode
side. Specifically, paired with a NasFe3(PO,),P,0; (NFPP) positive
electrode to form an AFSB, BiF;@Al displays decreased thickness
change per unit capacity (2.94mmAh™) compared to bare Al
(5.28 mm Ah™) (Fig. 3i). These findings collectively demonstrate the
efficacy of BiFs-derived interphase for AFSBs, particularly under harsh
conditions.

Na plating and Na stripping are two independent processes cor-
responding to battery charging and discharging. To evaluate the role
of BiFs-derived interphase in regulating Na stripping behavior, mor-
phology of partially stripped and fully stripped Al and BiF; @Al was
investigated, as shown in Supplementary Fig. 20. The charging and
discharging current densities were both set as 10 mA cm™. After 6 min
of charging, theoretically 1 mAh cm™ of Na was plated on both current

collector with needle-like and uniform morphology, respectively
(Supplementary Fig. 20a, b), and similar morphology can be observed
on each of them after 3 min of discharging (Supplementary Fig. 20c, d).
After charging to 1V, a large amount of residual Na can be observed on
bare Al (Supplementary Fig. 20e, g), while no residual Na can be
observed on BiF;@Al. (Supplementary Fig. 20f, h). Furthermore, the
morphology of BiF;@AI current collector after sodiation and cycling at
high current densities was shown in Supplementary Fig. 21. The
sodiation product of BiF; evenly distribute on the current collector,
and its morphology sustains stable after 50 cycles under a high current
density of 10 mA cm™. These phenomena, together with the stable CEs
of BiF3@Al, prove the regulation effect of BiFs-derived interphase on
Na stripping and its structure stability.

Reversible plating/stripping of Na on BiF; @Al under different
conditions

To explore the important role of BiF; in regulating reversible Na
plating/stripping, Na||BiF;@AIl and NallAl cells were assembled using
1.0 M NaPF4—diglyme electrolyte. In Fig. 4a, BiF; @Al shows extended
cycle stability with an average CE of ~99.90% over 1400 cycles at
1mA cm~ @1 mAh cm™. In contrast, bare Al displays severe CE fluc-
tuations and fails only after 330 cycles. Furthermore, bare Al suffers
from soft short-circuit during Na stripping after 100 cycles, while the
voltage profiles of BiF;@Al remain stable even after 1000 cycles, as
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shown in insets of Fig. 4a. In Fig. 4b and Supplementary Fig. 22,
BiF @Al still maintains low nucleation and deposition overpotentials
of 2-4 mV during cycling. In contrast, although bare Al also shows a
low deposition overpotential of ~2 mV during the 300 cycles, it shows
higher nucleation overpotentials of 15-25 mV, indicating the role of
BiF;-derived interphase in enhancing Na nucleation kinetics.

Increased plating areal capacity, higher current densities, and
lowering ambient temperature generally elevate the risk of dendrite
formation and side reactions, leading to a lower CE. Figure 4c—f shows
the CE of BiF;@AIl under different harsh test conditions. In Fig. 4c, at a
higher areal capacity of 5mAhcm?, BiF;@Al also demonstrates
improved stability with an average CE of 99.59% over 800 h, whereas
bare Al shows a much shorter cycle life of only 400 h with severe soft
short-circuit during cycling. This result further underscores the role of
BiF3 in promoting uniform Na plating and growth at high capacity.
Supplementary Figs. 23 and 4d show the rate capabilities of BiF; at
different high current densities. BiF;@Al performs stable CE of 99.80%
and 99.81% at 2 mA cm@2 mAhcm™ and 10 mA cm™@1 mAh cm™,
respectively, whereas bare Al experiences significant CE fluctuations.
Even at an extreme condition of 20 mA cm@2 mAh cm™, BiF;@Al
still maintains stable for over 200 cycles with an average CE of 99.95%.
These results further validate the crucial role of the BiF;-derived
sodiophilic interphase in achieving fast kinetics in AFSBs. Compared
with previously reported works on sodium metal batteries (SMBs) and
AFSBs, BiF;@Al demonstrates high maximum current density,
enhanced areal capacity and extended cycle life at room temperature
(Supplementary Fig. 24).

The CE of Na plating/stripping under low-temperature (=30 °C)
was also investigated. In Supplementary Fig. 25, BiF;@Al not only
dramatically reduces the nucleation overpotential (3.6 mV compared
to 36.2mV for bare Al) but also slightly reduced the deposition over-
potential (71mV compared to 8.8mV for bare Al), suggesting
improved kinetics enabled by BiFs-derived interphase under low-
temperature conditions. Thanks to the lower nucleation and deposi-
tion overpotentials on BiF;@Al, it maintains stability with a high
average CE of ~99.98% over 300 cycles at 0.5 mA cm @1 mAh cm™, as
shown Fig. 4f, g. In contrast, under the same conditions, bare Al suffers
from severe soft short circuits. Additionally, BiFs@Al still maintains
stability at higher current densities of 1mA cm™ and 1.5 mA cm™ with
an areal capacity of 1 mAh cm™ (Supplementary Fig. 26). The plated Na
on BiF;@Al under low-temperature exhibits smooth morphology
(Supplementary Fig. 27), indicating that the Na plating kinetics is still
promoted under low-temperature. As the 1.0 M NaPF¢—diglyme elec-
trolyte freezes under —40 °C, we prepared an optimized electrolyte
(0.5 M NaPFg in diglyme/1,3-dioxolane, 1:1 in volume), which remains
liquid under such low temperature (Supplementary Fig. 28). Using this
electrolyte, Na|BiF;@Al achieves stable operation under —-40 °C
(Supplementary Fig. 29), indicating the universality of our fluorinated
sodiophilic interphase strategy. These results implies that BiF; @Al has
the potential to operate at high current density under low
temperatures.

Performance of high-power and low-temperature BiF;@Al||
Na,Fe3(PO,4),P,0,; AFSBs

To validate the above effects of BiF;-derived interphase, initially
anode-free sodium batteries were assembled by integrating
BiF;@Al with NFPP positive electrode (named BiF;@AI|INFPP). For
comparison, Al|[INFPP AFSBs were assembled. As expected, the
BiF;@AI|INFPP AFSB exhibits better rate performance compared
to Al|INFPP. In Fig. 5a, BiF;@AI|INFPP with a high positive electrode
mass loading of ~10 mg cm™2 exhibits a high initial specific capacity
of 98.7 mAh g™ at 0.2 C. Reversible specific capacities of 84.6, 79.8,
74.3,69.8, 64.9, and 57.4 mAh g are achieved at 0.5, 1, 2, 5,10, and
20 C, respectively, indicating a good rate capability of BiFs@Al||
NFPP AFSB. In contrast, Al||[NFPP only shows a low specific capacity

of 81.5mAh g™ at 0.2 C, and rapidly fades to 65.6 mAh g™ in only 5
cycles. The poor Na plating/stripping kinetics and reversibility of
Al worsens the performance of Al|INFPP at rates higher than 0.5C,
as it suffers from severe capacity fluctuations and fails after 70
cycles. Voltage profiles at different rates (Fig. 5b) show that the
BiF;@AI|INFPP cell remains stable charge plateau and low polar-
ization at high rates.

In terms of cycle performance, BiF3@AI|INFPP exhibits high cycle
stability at 1C (-75 mAh g™, over 400 cycles) and 5 C (-65 mAh g, over
200 cycles, Supplementary Fig. 30). Furthermore, BiF3@Al|INFPP
maintains a capacity retention of 75.9% after 300 cycles at 10 C
(Fig. 5¢), where the areal current density is up to 10 mA cm™ Even with
a higher positive electrode mass loading of 22 mg cm™, BiF3@Al|INFPP
AFSB still remains stable for over 160 cycles at 0.5 C charge and 1.0 C
discharge rate with a capacity retention of -70.7% (Fig. 5d). Compared
to other reported Na-metal-based batteries, our BiF3@AI|INFPP AFSB
exhibits high operating rate (20C) without any pre-loaded Na metal
(Fig. 5e), breaking the trade-off in power density and energy density of
Na-based batteries®> 318192232738,

Notably, the BiF;@Al current collector is prepared by a tradition
stirring-coating strategy with a decent amount of acetylene black (AB)
additive in the BiF3 slurry, which is a simple, low-cost and widely used
strategy to prepare electrodes both in laboratory and practical pro-
duction. In order to explore the influence of the addition of conductive
carbon, pure AB and pure BiF; slurries were also prepared and coated
onto Al current collector (Supplementary Fig. 31), named AB@AI and
p-BiF3@Al, respectively. The rate performance of Na plating on these
two current collectors and corresponding full-cell performance was
shown in Supplementary Fig. 32. AB@AI demonstrated average Cou-
lombic efficiency of 99.80% and 99.05% at 1 mA cm @1 mAh cm 2 and
5mAcm”@1 mAhcm™, respectively, lower than that of BiF;@Al,
especially at high current density, indicating the critical role of BiF; in
regulating Na nucleation and plating kinetics. Additionally, Nallp-
BiF;@Al cells suffered from soft short-circuit at both
1mAcm?@l mAhcm™? and 5mAcm?@1mAhcm™, indicating the
importance of acetylene black in the electrode to promote the con-
ductivity. Furthermore, p-BiF;@AI|INFPP full cells failed to be charged,
while AB@AI|INFPP full cells suffered from severe capacity decay at 1C.
These results demonstrate that the AB additive is essential in BiFz@Al.
The mass loading of BiF3 on Al is controlled at around 0.2 mgcm™, as
excessive BiF; does not significantly reduce the overpotential, but may
cause active Na loss, which is not conducive to the cycle performance
(Supplementary Fig. 33).

To demonstrate the practicability of BiF;@AI|INFPP AFSB, its
electrochemical performance at low temperatures was investigated.
BiF;@AI|INFPP exhibits the ability of operating at =30 °C at high rates
(above1°C). In Fig. 5f and Supplementary Fig. 34, BiF;@Al|INFPP shows
capacity retentions of 87.0%, 76.6%, 62.4% and 50.0% at 0.6, 1.0, 1.5 and
2.0 Cat-30°C (vs. 66.2 mAh g™ at 0.2 C). As a consequence of plating/
stripping reversibility under low temperature condition, BiF;@Al||
NFPP shows prolonged cyclability at =30 °C (over 1600 cycles with
minimal capacity decay, Fig. 5g and Supplementary Fig. 35). The cycle
stability and average CE under low-temperature is even higher than
that under room-temperature, which is because the side reaction of
electrolyte on both negative and positive electrode sides are sup-
pressed under cryogenic condition. (Supplementary Fig. 36). Using the
optimized electrolyte, BiF;@AI|INFPP achieves stable cycling for 240
cycles with 92.3% capacity retention at a high rate of 1C (Supple-
mentary Fig. 37), which reflects the potential of our BiFs@AI|INFPP
AFSB to operate at extremely low temperatures. The Ragone plots
(Supplementary Fig. 38) reveal that BiF;@AI|INFPP not only achieves
high specific energies of 284.7 Whkg™ at 25°C and 200.8 Whkg™ at
-30°C (based on the total mass of active materials on negative and
positive electrode), but also delivers high specific powers of
8257.5Wkg™ at 25°C (with a specific energy of 112.4 Whkg™) and

Nature Communications | (2026)17:264


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66965-5

a 15 : b 4o c
T 100,\; 2,10,5.2.1,05,020| o SRR 100
P ® ’ < 351 ] NG &
%120 .5 o BIF;@AIINFPP | gy & % 120 g0 &
0! Al|INFPP S < c
< 90RO ° Al 2 =301 > 90 8
2 2 1C leo & 2 L K]
g 40 60 < g o 10C 60 &
& 6ol @ % e o £259 £ 6o o
g 60 & 408 2 A e i SRR
£ G&&m@ S 204 £ S
§ 301 Lo Cell fZiIure 120 é i § 301 . 20 g’
) Initially anode-free full cells o 1.51 BiF,@AIlINFPP %) BiF,@AI|[NFPP (10 mg cm™?) o
0 20 40 60 80 0 20 40 60 80 100 0 100 200 300
Cycle number Specific capacity (mAh g™') Cycle number
d e
200
o M T (o] k
o I 100;\? 0 ! A . et e/19,33,24,36 f ur-:“v'or
% 150 9 lso B E 1*3 g 335 56.18 0\13 3*8 25 High specific energy & power
e =
= 2 51 i High specific energy ? ‘:
£ 1004 0.5 C charge 60 £ o '\ Low specific power 37 i
g 1 C discharge g Z 104 o i
5] r40 &5 ;3 i
£ 501 § 15 a8 |
8 20 3 @ Initially anode-free Na battery Low specific energy | |
(‘,3,' BiF ;@AI|INFPP (22 mg cm™2) o 20+ @ Pre-loaded Na metal battery High specific power 9 ") ,;
r T T 0 T T T
0 40 80 120 160 0.1 1 10
f Cycle number g
120 { BiF;@AI|INFPP -30°C 1204 —
— [ s S
X 100 ~
= 1 <
c 100 87.0 E 904 §
% 801 76.6 = O Charge _g
% 62.4 £ 10C @ Discharge L60 %
2 60 50.0 3 = o
2 8 ]
& 401 o €
=3 £ 301 S
8 20- g 7 w0ce 20 3
) BiF,;@AI||NFPP (10 mg cm2)
0 T T T T T 0 T T T 0
0.2 0.6 1.0 1.5 2.0 0 400 800 1200 1600
Rate (C) Cycle number
P00 I s ___ J
EmpeElElRE) I oS @[ 100 3.5 BiFs@AllINa,Feg(PO,);P,0,
X 97
15 20 25 -30 -35 40 =
5 1500 Our work = 60+ 80 ‘Z" 3.0
< —
_g é 0.3 C charge L 60 8 b
2 1000+ > 404 0.5 C discharge £ 925
o ° I~ o £
£ ReER2 = 999999990000009%09%%0009000000 [ 40 € 220
© %007 L Ref.41 "¢ 7q O 20- s
o Ref.399- ¢ s Ref. 44 BiF,@AlINa,Fe,(PO,),P,0; pouch cell 20 8 1.54 7.5.3.2.1,05C
0 QO Ref. 40 Ref. 40 Cathode mass loading = 15 mg cm ™2 0 10 -
00 02 04 06 08 1.0 0 5 10 15 20 25 30 "0 5 10 15 20 25 30 35
Rate (C) Cycle number Capacity (mAh)

Fig. 5 | Electrochemical performance of BiF ;@Al||NasFe;(P0O,4),P,0; initially
anode-free sodium batteries. a Rate performance of Al[[NFPP and BiF;@AI|INFPP
anode-free sodium batteries at 25 °C. b Voltage profiles of BiF3@Al|[INFPP from 0.2
to 20 C at 25 °C. ¢ Cycle performance of BiF;@AI|INFPP at 10 C at 25°C. d Cycle
performance of BiF;@AI|INFPP at 0.5C charge and 1.0C discharge with positive
electrode mass loading of 22 mg cm™ at 25 °C. e Comparisons of N/P ratio and
operating rate of our work with other reported Na-metal-based batteries. f Capacity

retention of BiF3@AI|INFPP from 0.2 to 2.0 C rate at -30 °C. g Cycle performance of
BiF3@AI|INFPP AFSBs at 1.0 C under —30 °C. h Comparison of rate and cycle number
of our work with other reported low-temperature SMBs and AFSBs. i Cycle per-
formance of BiF;@AI|INFPP anode-free pouch cell at 0.3 C charge and 0.5 C dis-
charge at 25 °C. j Voltage profiles of BiF;@Al|[INFPP anode-free pouch cell at various
discharging rates at 25°C. Note: 1C=100mA g™,

486.9 Wkg™ (80.7 Wh kg™) at =30 °C. Our BiF3@AI|INFPP full batteries
show comparable rate performance and cyclability with other pub-
lished low-temperature SMBs and AFSBs (Fig. 5h and Supplementary
Table 3)3,7,39—44_

To explore the potential of BiF; for AFSBs with higher energy
density, we fabricated initially anode-free batteries with a layered
oxide NaNiy sFe;3Mny30, (NFM) positive electrode. The BiF;@AI|INFM
AFSB exhibits a higher energy density of 331.0 Whkg™ (based on the
total mass of active materials on negative and positive electrode) and

remains stable at 2 C (Supplementary Fig. 39), which points out the
potential of BiF5 to be applied in energy-denser AFSBs with optimized
positive electrodes and electrolytes. To further demonstrate the
practical viability of BiF;, 30 mAh initially anode-free pouch-cells were
assembled with a high positive electrode mass loading of ~15 mg cm™.
In Fig. 5i, j, the pouch cells remain stable and demonstrate rate dis-
charge capabilities of 30.1, 28.3, 27.6, 26.1, 23.3, and 16.2 mAh at 0.5, 1,
2,3,5,and 7 C, respectively. These results indicate BiF; has a promising
prospect for commercial applications.
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Discussion

In summary, we proposed a fluoride sodiophilic interphase design
strategy towards high-power initially anode-free sodium battery.
Through a systematic comparison of the chemical, crystallographic,
and electrochemical properties of six metal fluorides, BiF; emerged as
the optimal modifier owing to the highest sodiophilicity. SEM and FEA
demonstrated uniform Na nucleation on BiF;@Al at high current
density. By XPS depth profiling, HR-TEM, XRD, AFM, and theoretical
calculation, we confirmed the in-situ formation of NaF and its role in
mitigating volume expansion and regulating Na growth process.
Consequently, Na||BiF;@Al exhibited an extended cycle life (>2800 h)
and high-rate capability (20 mAcm™), as well as low-temperature
adaptability (an average CE of 99.98% at —30 °C). The BiF3;@Al|INFPP
full battery not only achieves high specific energies (284.7 Wh kg™ at
25°C and 200.8 Wh kg™ at -30 °C) and specific powers (8257.5 W kg™
at 25°C and 486.9 W kg™ at 30 °C), but also demonstrates prolonged
cycle performance (over 1600 cycles) at 30 °C. BiF;@Al|INFPP pouch
cells can operate at a high rate of 7 C with practical-level mass loading
of positive electrode, underscoring their commercial potential. This
work provides insights to perform stable AFSBs at high-rate and low-
temperature, advancing its commercialization process.

Methods

Materials

Na cubes (299.9%) stored in mineral oil were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (China). Sodium hexafluoropho-
sphate (NaPFg, 99.9%) and polyvinylidene difluoride (PVDF, M.W.
>1,000,000) were purchased from Suzhou Duo Duo Co., Ltd. (China).
Bismuth (Ill) fluoride (BiF3, 99%) and Zinc (II) fluoride (ZnF,, 99%) were
purchased from Aladdin Co., Ltd. (China). Iron (lII) fluoride (FeF, 97%
min), Cobalt (II) fluoride (CoF,, 99%), Nickel (II) fluoride (97%), Tin (lI)
fluoride (SnF,, 99%) and Diethylene glycol dimethyl ether (diglyme
anhydrous, 99.5+%) were purchased from Thermo Fisher Scientific Co.,
Ltd. (America). The carbonate electrolyte (1.0 M NaClO, in EC/DEC, 1:1
in volume, with 5 vol.% FEC additive) was purchased from Suzhou Duo
Duo Co., Ltd. (China). Bismuth powder (99.99% metals basis, 325
meshes) was purchased from TCI (Shanghai) development Co., Ltd.
(China). Positive electrode materials (NasFe;(PO,4),P,0; and NaNiy,
3Fe;;3Mny30,) were purchased from Hefei Kejing Co., Ltd. Acetylene
black (AB, Denka Black Li-2060) was purchased from SaiBo Electro-
chemical Material Co., Ltd. (China). N-methyl pyrrolidinone (NMP,
99.9%, electronic grade) and 1,3-dioxolane (DOL, 99.5+%, extra dry)
were purchased from Sigma-Aldrich (America). The aluminum foils
(Thickness: 12 pm), carbon coated aluminum foils (Thichness: 12 pm;
carbon mass loading: 0.05mgcm™) and Celgard 2325 separator (PP/
PE/PP separator, thickness: 25 um; Gurley value: 620 s; porosity: 40%;
average pore size: 0.03 um) were purchased from Nanjing Mojiesi
Energy Technology Co., Ltd. (China).

Preparation of electrodes and electrolytes

The slurries for negative electrode current collector were prepared by
mixing active materials (FeFs, CoF,, NiF,, SnF,, ZnF, and BiF3), Acet-
ylene black, PVDF in a ratio of 8:1:1 by mass ratio in NMP solvent. The
slurries were coated on an aluminum foil (Al) using a doctor blade, and
then dried at 80 + 0.1 °C for over 12 h in a vacuum oven before use. The
positive electrode slurries were prepared by mixing active materials
(NasFe5(PO4),P,07 and NaNijysFe;3Mny50,), Acetylene black, PVDF in
a ratio of 9:0.5:0.5 by mass ratio in NMP solvent. The slurries were
coated on a carbon coated aluminum foil using a doctor blade and
then dried at 120 + 0.1 °C for over 12 h in a vacuum oven. All electrodes
were rolled by a roller machine (Shenzhen Kejing Star Technology Co.,
Ltd., China) before use. The mass loading of the metal fluorides was
around 0.2mgcm™, and the mass loading of positive electrode
material varied from -7mgcm™ to -22mgcm™ The negative and
positive electrodes were cut into round pieces with diameters of

12mm and 10 mm, respectively. The electrolyte was prepared by
adding 1 mol L™ NaPF into diglyme solvent in an argon filled glove box
(MIKROUNA, China), where the contents of both O, and H,O were
below 0.01 ppm. The electrolyte was dried using 4 A molecular sieves
(Aladdin Co., Ltd., China) for 48 h before use. Na metal pieces with
diameters of 8, 10, and 12mm were cut from Na cubes and used
immediately after cutting. All electrodes and electrolytes are stored in
the glove box, where the environment temperature is 25+1°C.

Electrochemical measurements

Electrochemical properties were carried out by CR2032-type coin cells
assembled in an argon filled glove box. Na||Al and Na||MF, cells were
assembled using the prepared positive electrode current collector and
sodium pieces with a diameter of 8 mm, with 40 pL electrolytes and
Celgard 2325 separators with a diameter of 16 mm. The thickness of
sodium pieces is ~100 pm. Coin-type full-cells were assembled using
pre-cycled negative and positive electrodes with 40 pL electrolytes
and Celgard 2325 separators with a diameter of 16 mm. The cells were
placed in a constant temperature chamber (25+0.2°C) to obtain
room-temperature performance. The batteries were placed in the DW-
HL398 ultralow temperature freezer box (Zhongke Meiling Cryogenic
Technology Co., Ltd.) to obtain low-temperature performance. Cycle
performance of the assembled cells was carried out by a LAND battery
test system (CT2001A). Linear sweep voltammetry was carried out by
an EC-Lab chemical working station (Bio-Logic, France). The scan rate
was set as 2mVs™, and the cut-off voltage was set as —0.05V and 4.5V
for anodic scan and cathodic scan, respectively. The single-layer
BiF ;@Al||NasFe;(PO,4),P,0; pouch cells were assembled by one piece
of single-face coated BiF; (mass loading: ~0.2 mg cm™) on aluminum
foil and one piece of single-face coated NajsFe;(PO4),P,0; (mass
loading: ~15 mg cm™) on carbon coated aluminum foil with an area of
45x58cm and 4.3x5.6cm, respectively,. 04mL of 1.OM
NaPF¢—diglyme electrolyte was injected before sealing. The pouch
cells were pre-cycled at 0.1°C for 2 cycles, and then removed the
excessive gas under vacuum and then sealing again. The external
pressure of the pouch cell during cycling is 0.5 MPa.

Characterization

X-ray diffraction was performed by DSAD VANCE with Cu Ka radiation
at 40kV and 20 mA. Scanning electron microscopy images were
observed using an Ultra 55 microscope (Germany) operated at 3.0 kV.
High-resolution transmission electron microscopy (HR-TEM) images
were observed by a Talos F200X (FEI) microscope (USA) operated at
200 kV. XPS depth profile was investigated using an X-ray photoelec-
tron spectrometer (Thermo Kalpha). Atomic force microscope (AFM)
tests were performed using Bruker Dimension Icon. In-situ thickness
tests were carried out by RSS1400 (Initial Energy Science & Technology
Co., Ltd., China). All electrodes used for ex-situ characterization were
obtained by disassembling Na|[MF,@Al cells in the glove box, where
the environment temperature is 25+1°C.

Theoretical calculation

Theoretical calculations were performed by Vienna ab initio simulation
package (VASP)**¢ code. To describe the exchange-correlation
energy, the generalized gradient approximations (GGA) of
Perdew-Burke-Ernzerfhof (PBE)* pseudopotentials were applied in
our calculations. A vacuum space of 20A was used in the z-axis
direction to avoid the interaction. The energy cutoff of 510 eV was
applied in our calculations. The climbing-image nudged elastic band
method (CI-NEB)*® is applied for computing decomposition barriers.

Governing equations

The simulation was performed using the COMSOL 6.3 Multiphysics
simulation software. The deposition process on four different sub-
strate surfaces was considered in the simulation, with the substrates
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being NazBi, NaZnys, Co, and Al. In terms of modeling, the simulation
first constructed an 8 *9 um computational domain, which was then
divided into two regions: the electrolyte and the substrate. The sub-
strate thickness was uniformly set to 1 um (this does not represent the
actual thickness of the substrate but rather only accounts for the
substrate surface). The following is a description of the theoretical
methods used in the simulation, including theoretical equations and
corresponding explanations**":

%JFV'JFR,'

a5 3

Ji= = DiV¢; — ziuiF eV, “)

Z[Z,-C,- =0 (5)

Vi =FY ziR; (6)

where c; denotes the concentration, /; is the mass flux for each species,
R;= — ”‘2’% is the electrochemical reaction source term, D; is the dif-
fusion coefficient, u; is the mobility, z; is the charge number,
;=3 nioe,m is the current density of electrolyte (m indicates the
charge transfer electrode reaction), ¢ is the electrolyte potential, v; is
the stoichiometric coefficient, i, is the local current density at the
electrode surface, and F is the Faraday constant. By coupling the above
system of equations, the distribution of electric field and current
density on the substrate surface and in the electrolyte region can be
obtained.

Data availability
Source data are provided in the Source Data file with this paper. Source
data are provided with this paper.
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