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The practical application of sodium (Na) metal anode in rechargeable batteries is impeded by inferior electro-
chemical properties and safety hazards arising from uneven Na plating/stripping behaviors. The Na-ion diffusion
within the solid electrolyte interphase (SEI) plays a pivotal role in influencing these behaviors and the elec-
trochemical performance of the Na metal anode. In this study, we leveraged the spontaneous reaction between
red phosphorus (P) and metallic Na to fabricate a Na/NasP (NNP) composite foil using a straightforward folding
and mechanical rolling method at room temperature. The in-situ formed NasP phase fosters the formation of an
inorganic-rich SEI layer with high ionic conductivity, effectively enhancing the Na-ion diffusion kinetics and
curbing the formation of Na dendrites. Moreover, the NagP present in the NNP composite can continually
replenish the functional component and promptly repair the fracture of the SEI layer, thereby ensuring the
stability of its structure and properties. Consequently, the NNP composite electrode significantly extends the Na
plating/stripping cyclic lifespan compared to a bare Na anode. As a demonstration, the NazVa(PO4)3||NNP full
cell exhibits stable performance over 400 cycles with 96.7 % capacity retention at 5C. This work paves the way
for designing stable SEI layers with fast ion diffusion capability for alkali metal anodes, and the findings are
anticipated to propel the development of alkali metal batteries.

than 160 Wh kg™!, underscoring the pressing need to augment the en-
ergy density for the advancement of rechargeable Na-based batteries

1. Introduction

Rechargeable lithium (Li)-based batteries have played a critical role
in various energy storage applications, such as mobile electronic de-
vices, electric vehicles, and large-scale energy storage [1,2]. However,
the scarcity of Li resources coupled with the associated high cost curtails
its further development, necessitating the exploration for viable Li
substitutes [3,4]. Among the potential alternatives, rechargeable so-
dium (Na)-based batteries emerge as a prominent choice, given that
metallic Na offers lower cost, abundant resources, and chemical prop-
erties akin to those of Li [5]. It is of paramount importance to
acknowledge that the energy density of current Na-based batteries is less
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[6]. Metallic Na, with its highest theoretical specific capacity (1165 mAh
g™ 1) and lowest reduction potential (—2.714 V vs standard hydrogen
electrode) among the Na-based battery anodes, is deemed an ideal
choice for high energy density Na-based batteries [7-9].

However, when metallic Na anode is coupled with the commonly
used organic electrolyte, an organic-rich solid electrolyte interphase
(SEI) layer is instantaneously formed owning to its high reactivity [10].
This organic-rich SEI layer, often characterized by its brittleness, fails to
withstand the substantial volume change during repeated plating/
stripping processes, thereby leading to its continuous cracking/
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reformation [11,12]. Also, the Na-ion diffusion in the organic-rich SEI is
slow and uneven [13,14]. As a result, Na metal anode is subjected to
uncontrollable Na dendrite growth, rapid formation of “dead Na” and
compromised electrochemical stability [15]. Therefore, the construction
of a more robust SEI layer, surpassing the conventional organic-rich one,
is of paramount importance.

The integration of inorganic-rich components is perceived as bene-
ficial for enhancing both the mechanical and electrochemical stability,
and ionic conductivity of the SEI, consequently leading to the
improvement of the electrochemical stability of the Na metal anode
[16-18]. Upon integration with inorganic Na compounds, the SEI often
exhibits enhanced ionic conductivity, thereby facilitating rapid Na-ion
diffusion and improving electrochemical Na plating behaviour [8,19].
Furthermore, these inorganic compounds are typically characterized by
a high interfacial energy and a substantial Young’s modulus [20,21].
These attributes are advantageous in promoting Na-ion diffusion along
the SEI/Na interface and in mitigating the formation of Na dendrites.
The utilization of electrolyte additives and the construction of an arti-
ficial interface layer with Na compounds on the Na metal anode surface
can facilitate the formation of an inorganic-rich SEI [13,14,22]. For
example, the Na-Sn alloying interface, achieved through an ion-
exchange reaction, facilitated rapid Na-ion diffusion through the SEI
layer [23], significantly contributing to the enhancement of electro-
chemical performances. Nonetheless, these strategies are susceptible to
degradation or impairment during incessant cyclic operations,
frequently resulting in an inadequate cyclic lifespan and restricted rate
capacity [24]. Therefore, it is imperative to devise alternative strategies
to achieve a stable and enduring SEI with high ionic conductivity. One
promising approach could be the direct incorporation of an ionic con-
ductivity composition throughout the entire electrode architecture [25].
Specifically, research has indicated that lithium phosphide (LisP), when
used as an artificial SEI component, exhibits superior lithium-ion
transport capabilities, thereby enhancing the electrochemical perfor-
mance of the lithium metal anode [26,27]. Furthermore, red phosphorus
(P) is a cost-effective and non-toxic alternative, and its reaction product
with metallic Na, sodium phosphide (NasP), also exhibits high ionic
conductivity, comparable to that of LigP [28,29]. The SEI with high ionic
conductivity can ensure the rapid Na-ion transfer at electrode surface
and inhibit the Na dendrite growth [30]. Yu and co-workers have
demonstrated the efficacy of a NagP interface protective layer for the Na
metal anode, which was constructed by repeatedly surface grinding Red
P powder onto the Na metal surface [31]. Nonetheless, as the cycling
process intensifies, the as-constructed protective layer begins to frac-
ture. This leads to the formation of a new native SEI that differs in
composition and structure from the initial one, thereby compromising
its effectiveness in protecting against the Na metal electrode. Conse-
quently, incorporating a functional component within the composite
electrode to sustainably repair the fractures in the SEI layer presents an
effective strategy for the advancement of Na metal anode technology
(Fig. S1). On the other hand, the ion-conductive scaffolds have been
verified to be effective in enabling uniform Na-ion flux, improving the
Na-ion diffusion kinetics and suppressing the volume expansion, thus
improving the cycle life of Na metal electrode [32,33].

Motivated by these insights, we construct a robust, ionically
conductive SEI layer consisting of NasP through the construction of Na/
NagP (NNP) composite electrode. The fabrication process, which in-
volves repeated mechanical rolling of red P and metallic Na at room
temperature, facilitates the production of ultrathin NasP and its uniform
integration with metallic Na. Notably, the surficial NagP in the NNP
composite electrode, which is accessible to the electrolyte, actively
contributes to the formation of the SEI layer, thereby enabling fast Na-
ion diffusion capability through the SEI layer and improvement of
electrochemical behavior of metallic Na. Importantly, the NagP in the
NNP composite can sustainably replenish the functional component and
timely repair the fracture of the SEI, enabling the stability of its structure
and property. As a result, the symmetric cell with the NNP composite
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electrode demonstrates a markedly reduced overpotential, significantly
extended cyclic lifespan, and an extraordinary rate property when
compared to the bare Na electrode. When paired with Na3Vy(POy)3
cathode to assemble full cell, the cell displays stable cycling with ca-
pacity retention of 96.7 % after 400 cycles at 5C, which is significantly
better than the counterpart with a bare Na anode.

2. Experiment section
2.1. Synthesis of NNP composite foil

NNP composite foil was synthesized through the reaction between
red P and an excess of metallic Na, facilitated by repeated folding and
mechanical rolling operations. Na lumps, stored in mineral oil, were
meticulously cleaned with a blade and subsequently rolled to form a Na
foil. Thereafter, red P powders were uniformly coated on the Na foil
surface. This was followed by repeated folding and mechanical rolling to
ensure a complete reaction resulting in a uniform structure. All the
aforementioned processes were conducted in an Ar-filled glovebox.
Considering both specific capacity and cycling stability, a 9:1 mass ratio
of metallic Na to red P was employed to fabricate the NNP composite
foil, which served as the object of study.

2.2. Synthesis of NagV2(POy)s

NagVq(PO4)s powders were fabricated utilizing a sol-gel method
[34,35]. Specifically, 0.09 g of V205 and 0.27 g of oxalic acid were
dissolved in 30 ml of deionized water via magnetic stirring in oil bath at
75 °C. Subsequently, 0.27 g of NH4H;PO4 and 0.14 g of NapCO3 were
introduced into the solution with continuous stirring and heating
evaporation, resulting in a blue gel. The blue gel was dried at 100 °C
overnight to yield a precursor. Finally, the precursor was thoroughly
ground and preheated at 350 °C for 4 h followed by heated at 800 °C for
8 h in a 5 vol% Hy/Ar atmosphere to obtain NagVy(POy)s.

2.3. Material characterizations

The compositional and morphological characteristics of NNP com-
posite foil were determined using X-ray diffraction (XRD) patterns
(PANalytical B.V.) with Cu-Kal radiation (operating at a voltage of 40
kV and a current of 40 mA), Field emission scanning electron microscope
(FE-SEM, GeminiSEM300) and X-ray photoelectron spectroscopy (XPS,
AXIS-ULTRA DLD-600 W). For XRD measurements, the initial samples
were positioned on a glass slide and encapsulated with Kapton tape in an
Ar-filled glovebox. For the sake of original surface observation by SEM
and XPS, the electrode samples were prepared by dissembling symmetric
cells with pure Na or NNP composite electrodes. Then, they were put
into an airtight transfer box and transferred to the SEM chamber. The
transfer box can be easily opened by gravity inside the SEM, ensuring the
preservation of good vacuum conditions prior to opening.

2.4. Electrochemical measurements

NagV2(PO4)s powders (80 wt%), polyvinylidene fluoride (PVDF, 10
wt%) and carbon black (10 wt%) were mixed in N-Methyl-2-pyrrolidone
(NMP) to form a uniform slurry. The slurry was subsequently cast onto
an Aluminum (Al) foil and dried at 60 °C for 6 h under vacuum condi-
tions, resulting in the fabrication of the NagVy(PO4)3 electrode. The mass
loading of the Na3Vy(PO4)3 cathode is about 5 mg cm~2 and corre-
sponding areal capacity is about 0.55 mAh cm™2. The specific capacity
of full cells in our manuscript is calculated based on total mass of
NasVy(PO4)s3, binder and conductive black. Coin-type cells (CR2032)
were assembled in an Ar-filled glovebox. Glass fiber (Whatman GF/D)
was employed as the separator and electrolyte composed of 1 M NaClO4
in a 1:1 ratio of ethylene carbonate (EC)/diethyl carbonate (DEC), with
5 % fluoroethylene carbonate (FEC), was incorporated into each cell.
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Electrochemical impedance spectroscopy (EIS) tests for different cycles
were conducted on a Biologic VMP3 workstation, while temperature-
varied tests were performed on Biologic SP-50, aided by a BE-TH ther-
mostatic box. The frequency range for EIS tests spanned from 50 mHz to
1 MHz. Galvanostatic charge/discharge measurements were executed
on a Neware battery test system. The NNP||NNP and Na||Na symmetric
cells for Na plating/stripping cycles were tested at fixed current den-
sities and fixed areal capacities. The NagVa(P O4)3||NNP and
Na3V2(PO4)s||Na full cells were initially activated at 0.5C (1C=110 mA
g~ 1) for 3 activation cycles, followed by constant charged/discharged at
5C, with the cut-off voltage ranging from 2.5 V to 4 V.

3. Results and discussion

An inorganic-rich SEI layer with fast Na-ion diffusion capability was
realized via the fabrication of a Na-based composite foil, specifically
composed of NagP known for its high ionic conductivity. As shown in
Fig. S2, the NagP were introduced via repeated mechanical rolling/
folding operations using red P powders and excess metallic Na as raw
materials. This represents a viable strategy for the direct incorporation
of NagP into the metallic Na electrode. During the fabrication, red P
powders, as depicted in the XRD pattern and SEM image in Fig. S3 and
Fig. S4, respectively, were initially coated onto the surface of a Na metal
foil. Subsequently, repeated rolling and folding processes were
employed to ensure the relatively uniform distribution of red P within
the Na substrate, facilitating its sufficient reaction with Na at the P/Na
interface. This process ultimately led to a complete transformation into
NagP.The reaction can be described as “i.e., P + (3 + x) Na — NagP+x
Na”.

As shown in Fig. 1, the relatively uniformly distributed NasP parti-
cles on NNP composite electrode surface participate in the formation of
SEI layer to regulate the electrochemical behavior of metallic Na and
strengthen the mechanical properties of SEI layer. The NasP on the
electrode surface accessible to electrolyte takes part in the SEI forma-
tion. The commendable ionic conductivity of NasP, approximately 0.12
mS em ™}, can augment Na-ion diffusion through the SEI layer [31]. This
enhancement facilitates the translocation of Na-ion along the anode
surface, culminating in planar Na plating with a substantial particle size,
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oriented perpendicular to the SEI layer [36]. On the other hand, the
presence of inorganic NagP particles improve the interface energy and
Young’s modulus of the entire SEI layer, which can effectively suppress
the formation of Na dendrites and maintain the stabilization of SEI layer
[37,38]. Simultaneously, the existence of NagP within the bulk of NNP
composite can perpetually mend the fractures in the SEI layer in a timely
manner, thereby preserving the stability of its structure and properties.
By contrast, the SEI formed on the surface of bare Na electrodes are
fragile and cannot withstand the volume changes and dendrite growth
during Na-ion plating/stripping, and will constantly breaking/reform-
ing, ultimately forming a thick and uneven SEI. Furthermore, the
simplicity of the material preparation process is advantageous for large-
scale production in practical applications.

As anticipated, the electrochemical performance of the NNP com-
posite electrode progressively improves with the incremental introduc-
tion of red P content. As highlighted in Fig. S5, the electrochemical
performance improves as the red P content increases. Furthermore, as
depicted in Fig. S6a, the overpotential of symmetric cells is categorized
into three regions (I, II, and III) during the initial cycle. The nucleation
overpotential of the NNP electrode with 15 wt% P is lower than that
with 10 wt% P (Fig. S6a), which could result in more uniform Na plating
behavior. However, its specific capacity is obviously inferior to the NNP
electrode with 10 wt% P (754 vs. 795 mAh/g, Fig. 2a and S6b). In order
to sustain the overall high electrochemical performance of the Na metal
anode, a NNP composite electrode, introducing 10 wt% P, was chosen as
the subject of our experiment. This capacity is more than double that of
the commercial hard carbon anode [39], thereby indicating significant
potential for application in high energy density batteries. The phase
composition information of as-fabricated NNP composite foil is verified
by the results of X-ray diffraction (XRD) measurement. As illustrated in
Fig. 2b, the XRD pattern of the NNP composite foil, when compared to
the bare Na foil, not only retains all diffraction peaks of metallic Na but
also exhibits two additional diffraction peaks at approximately 35.97°
and 36.96° (20), respectively. These peaks correspond to the (110) and
(103) planes of NagP. The observed weak and broad characteristics
confirm the smaller particle size of NasP. Beyond the diffraction peaks of
Na and NagP, no other peaks are discernible in the XRD pattern of the
NNP composite foil. This suggests that during the preparation processes,
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Fig. 2. (a) Complete Na stripping curve of the NNP composite electrode under the current density of 0.2 mA cm~2. (b) XRD patterns of the Na and NNP composite
foil. High-resolution (c) Na 1 s and (d) P 2p XPS spectra of NNP composite foil. (¢) Top-view SEM image of the NNP composite foil.

the red powders have fully reacted with the metallic Na to form NagP. X-
ray photoelectron spectroscope (XPS) is employed to further investigate
the chemical composition of the NNP composite foil. The peaks in the
high-resolution Na 1 s XPS spectrum (Fig. 2¢) demonstrates two char-
acteristic signals for metallic Na (1071.03 eV) and NasP (1072 eV) [40].
The P 2p core-level spectrum, as presented in Fig. 2d, exhibits two
prominent peaks at 129.63 and 128.76 eV. These peaks are associated
with the characteristic orbits of NagP 2p1/2 and 2p3/2, respectively
[37,41]. The result confirms the co-existence of Na and NasP in the NNP
composite foil. Scanning electron microscope (SEM) image (Fig. 2e)

verifies that the surface of the NNP composite foil is smooth with
compact structure, which is favorable for forming a stable interface and
endowing uniform and fast Na-ion diffusion. As depicted in Fig. S7,
which presents the digital images of both the bare Na and the NNP
composite foil, the surface of the NNP composite foil appears smoother
than that of the bare Na of equivalent thickness. This smoothness can be
attributed to enhanced mechanical durability with the introduction of
NasP. In contrast, the surface of the bare Na exhibits noticeable
scratches. Significantly, the EDS mapping images, as illustrated in
Fig. S8, reveal a relatively uniform distribution of Na and P within the
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Fig. 3. (a) Interfacial impedances after fitting for NNP||NNP and Na||Na symmetric cells tested at different temperature and (b) linearly fitting of interfacial
impedance and temperature according to the relationship in Arrhenius formula. Nyquist plots for (c) NNP||NNP and (d) Na||Na symmetric cells with different cycles
under the current density of 1 mA cm~2 with a fixed capacity of 1 mAh cm~2.High-resolution(e) Na 1 s and (f) P 2p XPS spectra of the NNP composite electrode after

the initial cycle.



C. Cen et al.

NNP composite foil. The cross-sectional SEM image of the NNP com-
posite exhibits a dense structure, which can mitigate the side reaction
between electrode and electrolyte, thereby improving the its electro-
chemical performance (Fig. S9). The corresponding EDS mapping im-
ages are consistent with the results of surface. This suggests that NagP is
uniformly embedded within the Na matrix, a factor that is conducive to
the formation of a homogeneous and robust SEL

To further explore the SEI properties of the NNP composite electrode,
the energy barrier associated with Na-ion diffusion through the SEI layer
was examined, which were conducted via by employing an EIS test on
both NNP||NNP and Na||Na symmetric cells under varying temperature
gradients. As shown in Fig. 3a, the interface impedances of SEI layer
(Rggp) are obtained by fitting the Nyquist plots with the equivalent cir-
cuit (Fig. S10 and Fig. S11). Relationship between Rgg; and temperature
(T) is described in Arrhenius formula, “i.e., R§Ell = A exp(—E,/RT) 7 [42].
By fitting In (Rgg) with T~! linearly energy barrier E, for Na-ion diffu-
sion through the SEI was obtained. As depicted in Fig. 3b, the value of E,
for the NNP composite electrode is significantly lower than that of the
bare Na (—65.08 and — 73.15 KJ mol !, respectively), suggesting that
Na-ion diffusion through the SEI of the NNP composite electrode is more
facile. The Tafel plots, as illustrated in Fig. S12 corroborate this obser-
vation, the exchange current density in the NNP composite electrode has
increased from 0.143 to 0.202 mA cm’z, indicative of enhanced Na-ion
diffusion kinetics. The energy barrier analysis reveals that the formation
of an NasP-containing SEI, exhibits accelerated Na-ion diffusion prop-
erties, which are advantageous for enhancing battery performance.

To further explore the positive effect NagP for the improved SEI
properties, EIS test was carried out for NNP||NNP and Na| |Na symmetric
cells with different cycles under the current density of 1 mA cm™2 with a
fixed capacity of 1 mAh cm~2. As shown in Fig. 3¢ and d, the interfacial
impedance of the NNP composite electrode before cycling is signifi-
cantly lower than the bare Na electrode (~810 and 1020 O, respec-
tively), demonstrating that the NasP can effectively suppress side
reactions between electrode and electrolyte and promote Na-ion diffu-
sion through the SEI layer [31]. In addition, the interfacial impedance of
the bare Na electrode decreased to ~ 700 O after 1 cycle and rapidly
decreased to ~ 310 O after 10 cycles, which is attributed to the breaking
of native oxide layer and increasing surface area caused by dendrites
growth and proliferation [43,44]". As the Na dendrites proliferate and
the SEI undergoes continuous cycles of rupture and repair, inactive Na
accumulates progressively, leading to the persistent consumption of the
electrode [45]. Consequently, the interfacial impedance of the bare Na
escalated to ~ 1000 O after 50 cycles. In contrast, the interfacial
impedance of the NNP composite electrode significantly reduced to ~
100 O after a single cycle, subsequently maintaining a low and stable
interfacial impedance (~45 O following 50 cycles). These findings un-
derscore that the formation of an inorganic-rich SEI, resulting from the
involvement of NasP, enhances Na-ion diffusion and sustains interface
stability. Furthermore, utilizing voltage response to a direct current of 5
mA (Fig. S13), the electronic conductivity of the bare Na and NNP
composite foil was calculated using Equation (S1) [46]. The calculated
electronic conductivity of the NNP composite electrode was ~ 4.2x 104
S m’l, which is lower than that of the bare Na (=~ 1.59 x 107> S m™1).
This outcome facilitates the swift transfer of electrons on the surface of
the interfacial NNP composite electrode [47,48].

To investigate the composition of the SEI, XPS analysis was con-
ducted on the NNP composite after the initial cycle, following a 10-min-
ute Ar-ion etching process. As depicted in Fig. 3e and f, the peak at
1072.16 eV in the high-resolution Na 1 s spectrum, along with the peaks
at 129.78 and 130.7 eV in the high-resolution P 2p spectrum, confirm
the presence of NagP [49,50]. The Na 1 s core level region also exhibits
three characteristic peaks at 1071.54, 1072.35 and 1073.09 eV, which
can be ascribed the signals of Na;CO3, NaCl and NaF [51,52], respec-
tively. The presence of these species can be further confirmed by the
high-resolution spectra of F 1's, C1s, Cl 2p and O 1 s, as depicted in
Fig. S14, respectively. Moreover, distinct from the fresh NNP composite
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foil, two new peaks are observed in the XPS P 2p spectrum at 135.01 eV
and 135.9 eV, respectively. These peaks can be ascribed to the 2p3/2
and 2pl/2 orbits of NagPO4 [53]. The corresponding characteristic
peaks are discernible in the Na 1 s spectrum at 1071.29 eV [54]. NagPO4
and NaF serve as advantageous interfacial stabilizer for Na metal anode
[55,56], facilitating the modulation of the plating/stripping behavior of
metallic Na. It is imperative to underscore that NasP originates from the
electrode composition, whereas NagPO4, NayCOs, and NaF are likely to
be derived from the decomposition of the electrolyte composite on the
surface of the NNP composite electrode [11,57]. Inorganic rich com-
ponents of the SEI, including NasP, NagPO,4, Nay;CO3 and NaF, form a
stable Na-ion diffusion layer, thereby promoting Na-ion diffusion in it.
The XPS spectra of NNP electrode after 10 cycles (Fig. S15) are highly
consistent with the results of NNP after 1 cycle, which demonstrates that
Na3P can help to stabilize the interface of electrode, enabling the sta-
bility of its structure and property.

Na plating/stripping behaviors were scrutinized using SEM to
observe the post-cycling electrode structure. Large and deep cavities are
presented in the surface of the bare Na electrode after initial Na stripping
under the current density of 1 mA cm ™2 with a fixed capacity of 1 mA h
em 2 (Fig. 4a). As a contrast, the NNP composite electrode displayed a
relatively smooth surface under the same test condition (Fig. 4d), indi-
cating that the inorganic-rich SEI for NNP electrode can adjust the Na-
ion flux and enable uniform Na stripping. In the case of Na plating,
the bare Na electrode displayed mossy and dendritic structures (as
depicted in Fig. 4b). These structures are associated with uncontrolled
dendrite growth, leading to the sequential consumption of active Na and
electrolyte. Conversely, for the NNP composite electrode, a phenomenon
of grain coarsening is observed during NNP plating (as shown in Fig. 4e).
This results in the formation of smooth and granular Na depositions,
with sizes exceeding 3 um. The improved Na plating/stripping behaviors
for the NNP composite electrode can be attributed to the fast and uni-
form Na-ion diffusion through the SEI, which are favorable for cycling
stability and safety of batteries. The digital photos of bare Na and NNP
composite electrodes distributed in DMC after 50 cycles and the sche-
matic diagram of Na plating/stripping during those processes are shown
in Fig. 4c and f. It is noteworthy that the DMC solution of the cycled NNP
composite electrode appears cleaner than that of the cycled bare Na
electrode. In the DMC solution of the cycled bare Na electrode, con-
spicuous suspended impurity solids are observed, which may be the
inactive Na produced during the cycling. As depicted in the schematic of
the Na plating/stripping processes, the Na ions of the NNP composite
electrode can be uniformly deposited on the electrode surface, thereby
avoiding the formation of disordered dendrites/mossy structure, a
characteristic feature of the bare Na electrode. These results indicate
that the existence of NagP in the NNP composite electrode is beneficial to
the formation of uniform and stable interphase layer, increasing the Na-
ion diffusion rate and promoting the uniform Na metal deposition.
Moreover, the composite structure of the NNP significantly contributes
to the enhanced structural stability of the electrode. The NagP phase,
relatively uniformly distributed within the metallic Na matrix, serves as
an effective buffer against volume changes during the Na stripping/
plating processes. This diminished overall volume fluctuation could
potentially alleviate the stress and strains imposed on the SEI, thereby
further bolstering the stability of the SEIL This, in turn, enhances the
electrochemical cycling stability.

To evaluate the cycling stability of the NNP composite foil, NNP||
NNP and Na||Na symmetric cells were assembled and galvanostatic Na
plating/stripping cycling tests were performed. The average Coulombic
efficiency (CE) was used to evaluate reversibility of NNP anode ac-
cording to the previous reported method [58]. The average CE of NNP
electrode is as high as 95.38 % for Na plating/stripping cycles under a
current density of 1 mA cm ™2 with a fixed capacity of 1 mAh cm™2, while
bare Na electrode only reaches 77.2 % (Fig. S16). These results indicated
that the presence of Na3P contributes to the formation of stable SEI,
which inhibits the side reaction between Na and electrolyte, thus
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Fig. 4. The SEM images of the bare Na electrode after Na (a) stripping and (b) plating at a current density of 1 mA cm 2 with a fixed capacity of 1 mAh cm 2 (©)
Digital photos of the bare Na electrode resting in DMC after 50 cycles and the schematic of the plating/stripping processes. The SEM images of the NNP composite

electrode after Na (d) stripping and (e) plating at a current density of 1 mA cm

reducing the consumption of active Na. Supported by the fast Na-ion
diffusion capability of the SEI, the symmetric cell with NNP composite
electrode showed flat and smooth voltage profiles with very low over-
potential, as well as greatly extended cyclic lifespan over 500 h under a
current density of 1 mA cm™2 with a fixed capacity of 1 mAh cm 2
(Fig. 5a). The expanded voltage profiles demonstrate that the voltage
profiles of the NNP composite electrode, even after 200 cycles, remain
consistent and exhibit negligible overpotential increase compared to the
20th cycle (Fig. 5b). This suggests the persistent existence of a stable,
inorganic-rich interface layer. In stark contrast, the symmetric cell with
bare Na displays pronounced voltage fluctuation and high overpotential
(ranging from ~ 50 mV to ~ 150 mV). This is attributable to afore-
mentioned poor Na-ion diffusion ability through the SEI and the uneven
Na plating/stripping behavior during the cycling processes. Further-
more, solid evidence has unequivocally demonstrated that the side re-
actions of the Na anode are intimately linked to the decay in
electrochemical performance [59-61]. The presence of Na3P could
reduce the chemical reactivity of NNP composite electrode to organic
electrolyte, thus prolonging its cycling life. The overpotential of bare Na
abruptly decreases after cycling for 80 h, a clear indication of cell short
circuit, likely due to dendrite puncture [62]. The ion transport efficiency
of SEI layer plays a pivotal role in ensuring stable Na plating/stripping
cycles under high current density.

Fig. 5¢ juxtaposes the voltage profiles of the NNP composite and bare
Na electrodes under the current densities ranging from 0.5 to 5 mA cm ™2
and back to 0.5 mA em 2, with a fixed capacity of 1 mAh cm 2. The NNP
composite electrode maintains stable voltage profiles and low over-
potential even at 5 mA ecm ™2 (Fig. 5d). Also, a negligible change in
overpotential is observed between the first and the last 10 cycles under
same current density. This suggests that the NNP composite electrode
exhibits excellent rate capability, benefiting from fast Na-ion diffusion
through SEI. In contrast, the bare Na not only exhibits pronounced
voltage fluctuation but also experiences a short circuit when the current
density reverts to 0.5 mA cm ™2 after enduring high current conditions
(3 mA cm 2 and 5 mA cm™2). This indicates its inferior rate property,
which can be attributed to the unstable interface with low Na-ion
diffusion capability. More specifically, when cycled at a current den-
sity of 1 mA cm ™2 with a fixed of 3 mAh em 2 (Fig. 517), the symmetric

-2

with a fixed capacity of 1 mAh cm™2. (f) Digital photos of NNP electrode resting in
DMC solution after 50 cycles and the schematic of the plating/stripping processes.

cell with the NNP composite electrode exhibits stable voltage profiles
even for 500 h, while the bare Na electrode only cycles about 80 h. The
superior electrochemical performance of the NNP composite electrode
under the high capacity supports that NasgP in the NNP composite par-
ticipates in the formation of SEI during the cycling, which directly
improve ionic conductivity and mechanical property of SEI. As per the
10th cycle galvanostatic profile for NNP||[NNP and Na||Na symmetric
cells at 1 mA ¢cm 2 and 1 mAh cm ™2 (Fig. S18), the Na||Na symmetric
cell exhibits two distinct voltage plateaus, corresponding to a capacity
retention of approximately 92.3 % and a capacity loss of 7.6 %,
respectively. This suggests that the Na-ion reacts with the electrolyte to
form inactive Na during the cycle. As a contrast, the NNP||NNP sym-
metric cell displays a single, extended voltage plateau, confirming that
the involvement of NagP effectively stabilizes the SEI and prevents the
side reaction of the composite anode with electrolyte [63].

Full cell with NagV,(PO4)3 cathode were assembled to investigate the
practicability of the NNP composite foil. As depicted in Fig. S19, nearly
equivalent specific capacities and identical charge/discharge profiles
are observed in both full cells at the initial 3 cycles, demonstrating stable
electrochemical behavior of the NNP composite foil electrode. In addi-
tion, the long-term stability of NasP-containing electrode is demon-
strated by the nearly equivalent specific capacities charge/discharge
profiles after multiple cycles as shown in Fig. S20. Beneficial from the
superior cycling stability of NagVo(PO4)s, the NasVa(PO4)s||Na cell ex-
hibits stable cycling up to ~ 300 cycles, followed by a rapid specific
capacity fading at 5C (1C=110 mA g~ 1). In the case of employing NNP
composite anode (Fig. 5e), the full cell sustains stable cycling for 400
cycles and maintains a high-capacity retention of 96.7 %. This can be
attributed to the NagP in the NNP composite providing functional
components for SEI repair, thereby maintaining the structural stability
of SEIL These results underscore the significant role of NagP from the
NNP composite in prolonging the cycle life of batteries. It’s also worth
noting that NNP composite electrode has superior high-rate charge/
discharge capacity in comparison with bare Na electrode (Fig. 5f). The
capacity difference gradually increases with the increase of current
density. When the current density increased to 30C, the specific capacity
of NagV(POy4)s||NNP full cell is still as high as 62.7 mAh g1, while the
NagV2(PO4)s||Na is closed to zero. Such results indicate that NasP with
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Fig. 5. (a) Voltage-time profiles of NNP||NNP and Na||Na symmetric cells at current density of 1 mA cm~2 with a fixed capacity of 1 mAh cm~2 and (b) the
corresponding selected profiles. (c) Voltage-time profiles for cycling with fixed capacity of 1 mAh cm~? at different current densities of 0.5, 1, 3, 5, and back to 0.5
mA cm 2 and (d) the corresponding selected profiles. (e) Cycling performance of NazV,(POy4)3||Na and NazVo(PO,)3||NNP full cells at the current density of 5C
(1€=110 mA g 1). (f) Rate performances of NagV,(PO,)3||Na and NasV(PO4)s||[NNP full cells at the current density from 1 to 30C.

high ionic conductivity can promote the Na-ion diffusion and reduces
the charge transfer impedance.

4. Conclusion

In conclusion, we have constructed an inorganic-rich SEI with rapid
ion diffusion capability, achieved through use of the NNP composite foil,
within which NasP is relatively uniformly distributed. The NNP com-
posite foil was fabricated through repeated mechanical rolling and
folding operations at room temperature, utilizing red P powders and
excess metallic Na as raw materials. These repeated processes facilitate
the warm reaction between red P and Na at the P/Na interface, ulti-
mately resulting in the formation of ultrafine NagP particles relatively
uniformly distributed throughout the entire Na metal matrix. NagP
contributes to the formation of the SEI layer, together with other inor-
ganic species, thereby enhancing both the ionic conductivity and me-
chanical strength of the SEI layer. Consequently, the electrochemical
performance of the NNP composite electrode is improved, exhibiting
reduced interface impedance, lower energy barrier of Na-ion diffusion
through SEI, dendrite-free Na plating. and lower overpotential
compared to the bare Na electrode. Moreover, the existence of NasP in
NNP composite can continuously replenish the functional components
to timely repair any fractures of the SEI, thereby maintaining its

structure and properties stable. The NNP||NNP symmetric cell demon-
strates stable electrochemical cycling properties, which are significantly
superior to those of the Na||Na symmetric cell. When paired with a
NagVo(PO4)s cathode, the NNP composite foil exhibits exceptional
cycling stability and a high-capacity retention of 96.7 % at 5C after 400
cycles. This straightforward and efficient strategy could potentially be
extended to other functional SEI layers of alkali metal anodes to enhance
their electrochemical performance.
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