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Stable Cycling of Sodium All-Solid-State Batteries with
High-Capacity Cathode Presodiation

Wei Tang, Dapeng Xu, Junlin Wu, Dong Ju Lee, Alexander Fuqua, Feng Li, Yuju Jeon,

Wenjuan Bian, and Zheng Chen*

Sodium all-solid-state batteries (NaSSBs) with an alloy-type anode (e.g., Sn
and Sb) offer superior capacity and energy density compared to hard carbon
anode. However, the irreversible loss of Na™ at the alloy anode during the
initial cycle results in diminished capacity and stability, impairing full-cell
performance. This study presents an easy-to-implement cathode presodiation
strategy by employing a Na-rich material to address these challenges.
Leveraging the high theoretical capacity and suitable voltage window, Na,S is
chosen as the Na donor, which is activated by creating a mixed electron-ion
conducting network, delivering a high capacity of 511.7 mAh g~'. By adding a
small amount (i.e., 3 wt.%) of Na,S to the cathode composite, a NaCrO, || Sn
full cell demonstrated capacity improvement from 90.8 to 118.2 mAh g’
(based on cathode mass). The capacity-balanced full cell can thus cycle to
more than 300 times with >90% capacity retention. This work provides a
practical solution to enhance the full-cell performance and advance the
transformation from half-cell to full-cell applications of NaSSBs.

1. Introduction

With the widespread adoption of electronic devices and the in-
creasing use of renewable energies, interest in energy storage
devices like batteries has surged. Despite the market dominance,
lithium-ion batteries (LIBs) face limitations due to resource avail-
ability and sustainability concerns. As an alternative, sodium-
ion batteries (SIBs) have gained attention due to earth-abundant
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sodium (Na) and cost-effective tran-
sition metal-based cathodes. However,
the flammability of their electrolytes
remains a significant safety concern.

Na all-solid-state batteries (NaSSBs)
have emerged as a safer technology that
uses nonflammable and nonvolatile in-
organic solid electrolytes (SEs), signif-
icantly reducing the risk of thermal
runaway.!?l However, the practical appli-
cation of NaSSBs faces significant obsta-
cles due to the low capacity and energy
density resulting from the electrode se-
lection, low initial Coulombic efficiency
(ICE), and poor cycling stability.>* The
hard carbon (HC) anode widely used
in SIBs exhibits limited capacity, typ-
ically ~250-320 mAh g7!, and a low
volumetric energy density attributable
to its low tapped density, often less
than 1 g cm™. In addition, SEs must
be added to the anode composite to form an ionic conducting
pathway, reducing its energy density and increasing costs.>™!
Therefore, developing a high-capacity anode is essential for
boosting the energy densities of NaSSBs.

Na metal anode is appealing in NaSSBs due to its high capacity
and lowest potential. However, it is incompatible with most SEs,
leading to detrimental issues such as persistent degradation reac-
tions, dendritic growth, and low critical current density.®1% Na-
containing alloys, such as sodium-tin (Na-Sn) alloy (e.g., NaySn,),
are confronted with stability issues when exposed to ambient air,
which poses significant challenges during fabrication processes.
In contrast, Na-free alloy anodes such as Sn offer a notably higher
capacity (847 mAh g1)'!l and a high volumetric density of 7.3 g
cm~3,2 making them attractive for high energy density full cells.
Moreover, the Na-free alloy anode demonstrates environmental
compatibility and stability under atmospheric conditions, miti-
gating challenges associated with anode fabrication. Additionally,
alloy-type anodes can function without needing SEs and carbon
additives due to their inherent electronic conductivity and Na*
diffusivity.['>1* This property not only enhances cell energy den-
sity but also reduces the production costs of NaSSBs, making
them more economically viable and sustainable for large-scale
manufacturing.

Despite the advantages above, NaSSB full cells with alloy an-
odes often experience inevitable Na* loss after the first charg-
ing/discharging cycle due to Na* trapping in the anode and form-
ing anode/electrolyte interphases. This results in low ICE and
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considerably reduced energy density and cycling stability due to
an unbalanced negative/positive (N/P) ratio in full cells. In this
regard, the presodiation (pre-Na) strategy is crucial to mitigate
the initial capacity loss, which can be realized by either anode
pre-Na or cathode pre-Na methods.['>'°! Anode pre-Na materi-
als (e.g., Na metal,'”?"] biphenyl/tetrahydrofuran)?!! often ex-
hibit a low potential and high chemical reactivity, akin to typical
Na-containing alloy anodes. This method introduces significant
manufacturing complexities and raises safety concerns, making
their large-scale production impractical. Conversely, cathode pre-
Na methods involve the addition of Na-rich additives into the
cathode composites, offering the advantages of precise regula-
tion of pre-Na capacity and compatibility with the widely used
anode/cathode systems. The effectiveness of this method hinges
on carefully selecting a high-capacity pre-Na agent to maximize
the overall cell energy density. When designing pre-Na agents,
three fundamental requirements should be considered. First,
the pre-Na agent should exhibit significantly higher capacities
than cathode materials, which is crucial for enhancing capac-
ity. Second, it should ensure controlled Na* transport behav-
ior below the charge cutoff voltage and avoid further reduction
in the discharge potential range of the cathode. Third, the ad-
dition and decomposition of the pre-Na agent should not have
detrimental effects such as impeding Na* transportation or re-
leasing gases, which are crucial for maintaining stable and ef-
ficient battery performance over multiple charging/discharging
cycles.

Research on sacrificial pre-Na additives has primarily focused
on liquid-based systems, with relatively little exploration within
NaSSBs.[?2-26] Besides, many of these pre-Na agents exhibit elec-
tronic and ionic insulating properties. While this characteristic
might not significantly impact liquid battery systems due to the
good wettability and high ionic conductivity of liquid organic elec-
trolytes, it is detrimental in NaSSBs. For example, one promis-
ing pre-Na candidate is Na,S, which meets all the design re-
quirements. However, its ionic insulating nature (1071* S cm™!)
could impede Na* transport, leading to poor redox kinetics and
low Na donation capacity in all-solid-state battery architectures.
This situation underscores the need to activate Na, S as a pre-Na
agent for NaSSBs.

Herein, we introduce a cathode pre-Na strategy by activating
Na,S within a composite of Na,PS, (NPS) and acetylene black
(AB) (Na,S-NPS-C), in which NPS serves as the ionic conduc-
tor. At the same time, AB provides the necessary electronic con-
ductivity. The composite’s electronic conductivity reaches ~1073
S cm™!, and the ionic conductivity improves from the order of
~107!! (for Na,S) to #10™> S cm™! (for the composite). An optimal
NPS: Na,S mass ratio (1:2) yields the highest first cycle charge
capacity of 511.7 mAh g1, corresponding to 90% of its theoret-
ical capacity. When implemented in a NaCrO, (NCO) || Sn full
cell configuration, the capacity (based on cathode mass) can in-
crease from 90.8 to 118.2 mAh g~! by adding only 3 wt.% of the
pre-Na agent. After 1st cycle activation, no gas was released, and
only ~1.7 wt.% of the inactive material remained in the cathode.
Moreover, enhanced cycling performance was confirmed due to
the continuous extraction of Na* from pre-Na agent residue in
the following cycles. As a result, the NCO||Sn full cell with cath-
ode pre-Na agent shows significantly enhanced cycling perfor-
mance with capacity retention of 90.4% after 300 cycles, far su-
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perior to 80.5% for cells without the pre-Na agent. The efficacy
of this pre-Na technique in augmenting battery performance was
also demonstrated in other cathode/anode combinations, includ-
ing Na,Ni, ;Fe;;;Mn,;;0, (NFM) cathode and Sb anode, show-
casing its potential for broad applications across various NaSSB
chemistries.

2. Results and Discussion

2.1. The Na Loss in the Alloy-Type Anode

To comprehensively evaluate the Na* transport and kinetic char-
acteristics in the Sn anode, a galvanostatic intermittent titration
technique (GITT) test was conducted at 0.05 C, involving a charg-
ing/discharging period of 0.5 h followed by a 2-h rest interval.
Figure 1b illustrates the voltage profile during the first cycle of
the Sn anode. The profile reveals a series of alloying processes of
the Sn anode during sodiation (discharging step for Sn || NaySn,
half-cell), marked by the sequential formation of Na, Sn;, NaySn,,
and Na;;Sn, phases, which are characterized by distinct voltage
plateaus. For the subsequent desodiation (charging step for Sn
|| NagSn, half-cell) process, the Na,sSn, alloy transforms back to
NaySn, and Na, Sn, with significant hysteresis. However, the rest
of Na (~0.8 mol of Na per Sn) remains trapped within the anode
due to the slow Na* diffusion kinetics of the Na-Sn alloy at low
Na content, which was also revealed by the evolution of the Na*
diffusion coefficient as shown in Figure 1c. Initially, the diffusion
coefficient of the pristine Sn anode is ~#2x107° cm? s~!. As Na be-
gins to alloy with Sn at a potential of #0.40 V (vs Na,Sn,, the same
below), the Na, Sn; phase is formed, and the Na* diffusion coef-
ficient drops sharply to ~10~° cm? s~!. This drastic decrease re-
flects the slow kinetic properties of the Na-Sn alloy at low Na con-
tent. As sodiation progresses, the formation of the Na,Sn, phase
at the second plateau at 0.08 V is accompanied by an increase
in the diffusion coefficient (>10~7 cm? s7!), indicating enhanced
transport properties compared to the Na; Sn; phase. At the end
of the sodiation step, the Na,;Sn, phase was formed with the po-
tential decreases to —0.13 V. A moderate Na* diffusion coefficient
of #1077 cm? s~! was obtained at this stage. For the desodiation
(Na* extraction) process, a similar Na* diffusion coefficient, rang-
ing from high to low Na content, was observed at each stage of the
Na-Sn alloy. As Na extraction nears the completion of the Na, Sn,
phase, the diffusion coefficient rapidly declines to ~1071° ¢m?
s71, indicating difficulty in removing the remaining Na. Conse-
quently, some Na becomes irreversibly trapped within the anode,
leading to permanent Na loss. Figure 1d shows the X-ray diffrac-
tion (XRD) pattern of the Sn anodes after charging/discharging
in the half-cell to identify the composition of the products. The
characteristic peaks of Na,sSn, and Na,Sn, were detected from
the fully sodiated electrodes. After desodiation, the XRD pattern
showed a strong signal of the Na, Sn; phase and lower Na* con-
tent of NaSn,. Joshua et al. calculated the formation enthalpy per
atom versus Na concentration in the Na—Sn compound and con-
structed the convex hull to show the stable structures.[?”! The re-
sults show that compared with pure Sn, Na, Sn, has a lower for-
mation energy, ~—0.02 eV per atom, which results in a barrier
for Na to return to the cathode during discharge. Such alloying
components as discharged products were also observed in earlier
works.[28:2]
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Figure 1. Characterizations and mechanism study of Na™ loss in NaSSB full cell with Sn anode during the 15 cycle. a) A scheme of cathode presodiation
strategy used to compensate for Na trapping in the Sn anode and avoid Na loss in the cathode. b) Charge/discharge GITT voltage curves of Sn||NagSn,
half-cell to show phase transition of Sn alloy anode and Na* trapping in the first cycle. ¢) Nat diffusion coefficient in different phases of Na-Sn alloy
determined by GITT. d) XRD patterns of Na-Sn alloy after the Tst cycle of sodiation and desodiation. €) The 1st cycle charge/discharge curve of the
NCO||Sn full cell and the NCO||NagSn, half-cell to illustrate their differences in ICE and highlight Na* trapping in the full cell. f) SEM images and EDX
mapping of the Sn anode after the initial sodiation and g) desodiation process.

The NCO || Na,Sn, half cells and NCO || Sn full cells were
tested to elucidate the Naloss phenomena, as shown in Figure le.
For the NCO || Na,Sn, half-cell, a high capacity of 117.5 mAh
g™! and a high ICE of 97.61% was achieved. In contrast, a lower
capacity of 94.6 mAh g=! and ICE of 80.6% were achieved for
the NCO || Sn full cell. In the NCO || NaySn, half-cell, the ex-
cess Na inventory in the NaySn, counter electrode facilitates
the restoration of Na stoichiometry in the NCO cathode, lead-
ing to a high ICE. Conversely, in the NCO || Sn full cell, a
significant portion of Na* becomes trapped within the Sn an-
ode during the alloying process, resulting in a much lower
ICE.

To study the morphology evolution and Na distribution,
Figure 1f,g show the focused ion beam milling-scanning elec-
tron microscopic (FIB-SEM) images and energy dispersive X-ray
spectroscopic (EDX) mapping of the Sn anode in the full cell at
the charged and discharged states, respectively. After charging
(Figure 1f), the Sn anode alloys with Na and experiences appar-
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ent volume expansion. The observed striped structure could be
attributed to the different phases of Na-Sn alloy due to a nonuni-
form sodiation reaction. The EDX mapping of Na shown in the
cyan areas suggests a higher Na concentration within the charged
anode. After discharging, the particles contract when Na* is re-
moved from the alloyed anode, with the thickness reduced from
~16.1 to ~6.8 pm. While most of the Na is removed, a signifi-
cant amount remains at the anode as shown in the EDX image,
indicating irreversible Na trapping.

The trapped Na results in a Na deficiency in the cathode,
structural changes, and degradation in both the cathode and
anode over subsequent cycles, leading to capacity decay in full
cells. Introducing Na-rich additive with a high decomposition
capacity to the cathode is logically feasible to compensate for
the Na inventory loss due to these reasons. Hence, properly
controlling the N/P ratio and the presodiation extent is crit-
ical to ensure enough Na in the cathode for stable battery
cycling.
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Figure 2. Pre-Na agent design and characterizations. a) The theoretical capacity and the decomposition voltage of the potential cathode additives for
presodiation. b) Scheme describing the preparation of the pre-Na agent using ball milling to mix Na,S, NPS, and AB. c) The XRD patterns of the pre-Na

agents with various NPS and Na,S ratios (NPS: Na,S) after ball milling.

d) Diagram showing the calculated theoretical capacity and the trend of the

actual capacity of pre-Na agent with different Na,S ratios. €) lonic conductivity of different pre-Na agent compositions. f) The Arrhenius plot of the
pre-Na agent was mixed by hand and ball milling to show the conductivity and activation energy. g) Nyquist plots of the hand-mixed and ball-milled
pre-Na agent assembled with NagSn, as half-cell before charging. h) Scheme to show the pristine Na,S failing to conduct electrons and Na* and its
activation by ball milled with NPS and AB to form ionic and electronic pathways.

2.2. Pre-Na Agent Design and Characterization

The theoretical capacity is a primary consideration when se-
lecting pre-Na agents. Composites with heavy anions and more
complex structures may not be ideal due to their lower capac-
ities, as shown in Figure S1 (Supporting Information). Pre-Na
agents with higher capacities (>500 mAh g~!) are advantageous
because they enhance the battery energy density while mini-
mizing the negative impact of introducing additional reaction
products.[30-3¢] In this regard, simple compounds such as sodium
nitride (Na;N), sodium oxide (Na,0), sodium phosphide (Na;P),
and sodium peroxide (Na,O,) exhibit potential (Figure 2a). How-
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ever, for Na;N, Na,0, and Na,0,, the nitrogen or oxygen gas
generated in the decomposition process during the first charg-
ing cycle will cause volume expansion and the deterioration of
the interface contact, thus increasing impedance and accelerat-
ing the cell performance degradation. Although Na,;P boasts a
high capacity of 804 mAh g=! with no gas release, its low de-
composition voltage (<1 V vs Na/Na*) is incompatible with the
electrochemical stability window of the widely used halide and
sulfide SEs.373%] This incompatibility triggers reactions with SEs
and the formation of insulating products, which significantly de-
crease the ionic conductivity, escalating the battery resistance and
impedance.

© 2025 Wiley-VCH GmbH
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In contrast, Na,S emerges as a more promising pre-Na agent
with a moderate decomposition voltage (~1.8 V) and a high the-
oretical capacity of 687 mAh g=!. Unlike nitrides and oxides,
its decomposition yields only elemental sulfur without gas pro-
duction, avoiding volume expansion and gas-related degradation.
Nevertheless, pure Na,S suffers from extremely low ionic con-
ductivity (oy,,) of 5.4 x 107! S cm™! (Figure S2, Supporting
Information) and is almost electronically insulating, which hin-
ders its electrochemical oxidation and the Na* extraction during
charging.[*] To overcome these limitations, it is essential to cre-
ate ionic and electronic transport pathways that facilitate the elec-
trochemical decomposition of Na, S. Here, we introduced NPS to
activate Na,S for pre-Na due to their similar chemical composi-
tions. As a widely used SE in NaSSBs, NPS offers a notably high
ionic conductivity (1 X 107 to 2 x 10~* S cm™1)[“**!] with an ox-
idation voltage of ~2.5 V.[*~#4] This is higher than the decompo-
sition voltage of Na,S but lower than typical cathode operation
voltage (e.g., NCO, NFM), making it an ideal choice for activat-
ing Na,S with minimal impact. The higher desodiation voltage
of NPS allows Na, S to contribute Na* at a lower voltage, followed
by Na* extraction from NPS itself, maximizing its capacity uti-
lization. After the decomposition of NPS, there is a decrease in
ionic conductivity for the pre-Na agent, which prevents Na* from
returning and ensures the irreversible pre-Na process.

Therefore, we designed Na,S-NPS-C pre-Na composites,
which were synthesized by simple ball milling. The effects of ball
milling and the varying ratios of Na,S and NPS in these com-
posites were investigated. A scheme describing ball milling to
obtain the pre-Na agent is shown in Figure 2b. The large parti-
cles of Na, S were fragmented into smaller sizes during the ball
milling process and combined with NPS particles and AB to ob-
tain a higher ionic and electronic conductivity as a composite.
Figure 2c shows the XRD patterns of Na,S, NPS, and synthe-
sized pre-Na composites. After ball-milling, pre-Na agents exhibit
identical peaks of Na,S with increased peak intensity for higher
Na, S content in pre-Na agents. The weak NPS peak indicates that
the crystalline NPS was converted into an amorphous phase after
the ball-milling process.[*] Meanwhile, the Na, S peak was broad-
ened, indicating the grain size reduction.

The initial charging capacity of pre-Na with different Na,S and
NPS ratios is tested in a cell configuration of pre-Na agent || NPS
|| NagSn, (Figure 2d), and their charging voltage profiles are de-
picted in Figure S3 (Supporting Information). The theoretical
capacity of the pre-Na agent was calculated based on the total
Na* content in the composition (total mass of Na,S and NPS)
(Equation (1)):

C, = Ana,s X Cya,s + Anps X Cyps (1)

where C, is the theoretical capacity of the pre-Na agent; Ay, s and
Anps are the mass ratio of Na,S and NPS in pre-Na agent, respec-
tively; Cy, s and Cyys are capacity for Na,S (687 mAh g™') and
NPS (352 mAh g1), respectively.

After ball milling with AB, pure NPS exhibits a capacity of
148.8 mAh g! after being charged to 4 V, achieving only 42.3%
of the theoretical value. This insufficient decomposition is likely
due to the poor kinetics from the continuous decrease in oy,,
along with the process of Na* extraction. The charging curve for
pure NPS is a continuous sope, with no plateau at any specific
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voltage. As the Na, S content increases, the Na* donation capac-
ity rises dramatically due to the substantial release of Na* from
Na, S. The highest charge capacity of 511.7 mAh g~! was achieved
at the mass ratio of NPS: Na, S at 1:2, corresponding to an approx-
imate molar ratio of 1:6. The theoretical capacity for this compo-
sition is estimated to be ~575.3 mAh g~!, indicating that near
90% of the Na* are utilized during 1st charging. However, a ca-
pacity decrease is observed when the Na, S ratio increases beyond
this point. Only 417.5 mAh g~! was obtained at the ratio of NPS:
Na, S at 1:3. This reduction in capacity can be attributed to the
decreased volume ratio of NPS electrolytes leading to poor per-
colation network for Na* conduction. The differential capacity
(dQ/dV) curve (Figure S4, Supporting Information) reveals the
reaction plateaus of each composite ratio, with two characteris-
tic peaks appearing at 2.0 and 2.3 V, corresponding to the two
stages of the phase transformation of the Na, S during the decom-
position. At the end of the 1st stage at 2.1V, the 1:2 ratio sample
achieves a capacity of 259.5 mAh g~!, ~60% of the Na,S theo-
retical capacity. This indicates an intermediate product of poly-
sulfide Na,S, was generated.[*®] In the 2nd stage, Na,S, contin-
uously loses Na, contributing to the remaining charge capacity.
However, without mixing with NPS electrolyte, the peak inten-
sity in the 2nd stage of the Na, S-AB mixture is inapparent (Figure
S4, Supporting Information). Due to the low oy, of Na,§, it is
difficult to fully activate Na,S by further extracting Na*, leading
to a much lower capacity. Therefore, sufficient NPS is critical to
maintain ion transport pathways within particles to fully extract
the Na* capacity of the pre-Na agents.

To reveal the electrochemical properties of the pre-Na compos-
ites with various ratios, their oy,, and electronic conductivities
(o.-) were measured and compared to quantitatively dissect the
role of NPS and AB. The oy, of Na,S-NPS-C composites were
measured by the DC polarization method using a symmetrical
cell (NagSn, || NPS || Na,S-NPS-C || NPS || Na,Sn,) as illus-
trated in Figure S5a (Supporting Information). The NPS layers
function as electronic block layers, and their resistance was sub-
tracted when calculating oy, of the pre-Na agent. The Na,Sn,
alloy added on each side was a Na source and current collec-
tor. The o,, of the pre-Na agent with different NPS: Na, S ratios
were determined from the obtained value after applying a 0.1 V
bias voltage for 300 s, which shows a much-improved oy, than
pure Na,S and an increasing trend with a higher NPS ratio as
shown in Figure S5b (Supporting Information). Specifically, the
Orar Was 3.9 x 1075, 1.8 X 107>, and 1.2 x 10~ S cm™! for com-
posites with NPS: Na, S mass ratio of 1:1, 1:2, and 1:3, respectively
(Figure 2e). The o,- of pure Na, S is extremely low, which behaves
as an electronic insulator. However, after ball milling with AB, the
6, was improved to 1.3 X 1072, 1.8 x 1072, and 2.8 X 1072 S cm™!
for the respective NPS: Na, S ratios (Figure S6, Supporting Infor-
mation). Compared with the oy,, of the pre-Na agents, their -
were nearly three orders of magnitude higher, which indicates
that ionic conductivity is the main factor limiting charge transfer
and capacity utilization. The NPS: Na,S = 1:2 mixture with the
highest specific Na* capacity was selected for further analysis.

To understand the impact of the ball-milling process, the ionic
conductivities of samples prepared by ball-milling and hand-
mixing were measured at different temperatures to construct an
Arrhenius curve. As shown in Figure 2f, the ball-milling sam-
ples exhibited higher ionic conductivity (about one magnitude)
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Figure 3. Characterization of the particle morphology and structure of the pre-Na agent. a—c) The SEM image of the Na,S, NPS, and the pre-Na agent.
d) The cryo-TEM image of the pre-Na agent particles after ball milling. e—g) The partially magnified photos of the particular area showing the NPS, Na,S
particle, and AB structure. h—-l) STEM EDX mapping of a single pre-Na agent particle to show the elemental distribution of S, P, Na, and a mixture of S

and P to compare.

across all temperatures compared to the hand-mixing samples,
with a lower activation energy (0.35 vs 0.44 eV). Both samples
were assembled into half-cells with NaySn, for electrochemical
impedance spectroscopy (EIS) measurement. Figure 2g indicates
that the hand-mixing sample exhibits no electrochemical activity.
In contrast, the ball-milling sample showed an R, of 107 Q, with
the characteristic peak frequency of 10* Hz. This difference sug-
gests that ball milling is essential to activate Na,S by forming a
conductive pathway for ions and electrons between the particles
(Figure 2h).

SEM and cryogenic transmission electron microscopy (cryo-
TEM) with EDX were utilized to characterize NPS and carbon
distribution within the pre-Na agent composites. The pristine
Na,S and NPS particles exhibit sizes ~3.5 and 1.5 pm, respec-
tively (Figure 3a,b). After the ball milling process, the large
Na, S particles were reduced into smaller particles at 1.5 um,
and the softer sulfide NPS particles were ground and dispersed
around the Na,S particles (Figure 3c,d). The SEM-EDX map-
ping of the pre-Na agent (Figure S7, Supporting Information)
demonstrates a uniform elemental distribution of S, P, Na, and
C. Cryo-TEM shows lattice fringes with a spacing of 0.494 nm,
corresponding to the (101) lattice of crystalline NPS (Figure 3e).
Distances of 0.325 and 0.233 nm are directed toward the (200)
and (220) directions of Na, S, respectively, with these characteris-
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tic fringes filling most of the field of view as the primary phase
(Figure 3f). Cluster-like fringe structures can be observed, cor-
responding to typical carbon structures from the AB in the pre-
Na agent. EDX mapping of a single particle of pre-Na compos-
ite reveals that NPS (characterized by the P signal) and Na,S
are well-mixed in particle scale after ball milling. This shows
the structural characteristics of the pre-Na agent and elucidates
the mechanism of using NPS and AB to improve ion/electron
conductivity.

2.3. Electrochemical Performance

Figure 4a presents the charge and discharge profile of the NCO
cathode and the pre-Na agent in the voltage window of 2.25 to
3.5 V. The NCO cathode exhibited a capacity of 117.5 mAh g1,
while the pre-Na agent exhibited a significantly higher charging
capacity of 511.7 mAh g~! with a negligible discharge capacity
in the same voltage range. This property meets the requirement
that after the pre-Na agent releases its stored Na* during the cath-
ode charging process, it does not take in Na* during discharging.
Further investigation was conducted on NCO cathode compos-
ites containing 60 wt.% of active material and 1, 2, and 3 of pre-
Na agent (Figure 4b). After aligning them to the same capacity,
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Figure 4. Electrochemical characterization of the NCO cathode composite with pre-Na agent added. a) Comparison of charging and discharging voltage
curves between NCO cathode and pre-Na agent. b,c) Charge and discharge curves of the first cycle of NCO||NagSn, half-cell and NCO||Sn full-cell with
different pre-Na agent ratios. d) Comparison of cathode discharge capacity and full cell energy density (based on the mass of cathode + anode + pre-Na)

after adding the pre-Na agent. e) Long-term cycling performance of the N

it was observed that Na* is extracted from the pre-Na agent be-
fore reaching the NCO charging plateau. Adding 3 wt.% of pre-
Na agent to the composite increased the charging capacity from
119.0 mAh g~ (w/o pre-Na agent) to 150.2 mAh g=!. All cells
displayed similar discharge capacities, indicating that the extra
Na* transferred from the cathode is accumulated at the anode
side.

We then tested NCO cathodes with and without the pre-Na
agent in an NCO||Sn full cell with an N/P ratio of 1.1 and a volt-
age window of 1.75 to 3.6 V (Figure 4c). All these cells show a
similar ICE of ~80% (Figure S8, Supporting Information), while
their discharge capacity increases with more pre-Na being added
in the cathode composite. With 3 wt.% of pre-Na agent, the dis-
charge capacity of the NCO||Sn full cell increased from 90.8 to
~118.2 mAh g, similar to the NCO||Na,Sn, half-cell, which
corresponded to a 30.2% increase in capacity. This translates to
a 21% increase in energy density based on the total weight of
the cathode, anode, and pre-Na agent (Figure 4d). The full cell

Adv. Energy Mater. 2025, 2405678
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CO||Sn full cell with/without pre-Na agent.

with the pre-Na additive also demonstrated stable cycling and
significantly enhanced capacity retention (Figure 5e). After 300
cycles at 0.5 C, the capacity retention of the full cell without pre-
Na was 80.5%, while the cell with 3% pre-Na agent achieved a
90.4% capacity retention. This suggests that even though most
of Na* has been extracted, the residual Na* in the pre-Na agent
acts as a “Na' reservoir” that may continuously compensate
for the Na* loss during the cycling, thereby enhancing cycling
stability.[*’]

2.4. The Pre-Na Mechanism

Figure 5a,b display the SEM images of the post-charging cath-
ode, observed from the surface and cross-section, respectively.
Under backscattering mode, dark spots were randomly dispersed
within the cathode composite. EDX reveals that these areas con-
tain sulfur (S) and phosphorus (P)-rich species, suggesting they
are residues of pre-Na.
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Figure 5. Structure and composition evolution of the cathode composite during the charging process. a,b) SEM images (backscattered mode) and EDX
mapping of the cathode from the post-mortem cell showing a) the surface and the cross-section. c—e) XPS analysis of the C 1s, S 2p, and P 2p elements
to characterize the change of chemical composition at different states of charge (SOC).

X-ray photoelectron spectroscopy (XPS) was used to determine
the composition of these species. In the pristine pre-Na agent,
the C—C bond seen in the C, spectrum (Figure 5c) indicates the
presence of carbon (AB). The S 2p spectrum (Figure 5d) reveals
distinctive PS,*~ peaks relating to NPS at 161.6 eV and Na,S at
159.6 V.8 The P 2p spectrum (Figure 5e) also displays a PS,>~
peak at 131.4 eV.°% At the charging step, the decomposition of
Na, S is proved by the reduction of its peak intensity and the ap-
pearance of new peaks at 163.8 eV. This indicates the formation
of elemental S as the final product.[®'=% Concurrently, the peak
intensity of PS,*~ decreases in both the S 2p and P 2p spectra,
further confirming the decomposition of NPS. By the end of the
charging process (100% SOC), the peaks for Na,S and PS>~ are

Adv. Energy Mater. 2025, 2405678
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no longer detectable. A significant increase in the S peak and a
new peak at 162.4 eV are observed, reflecting the formation of
Na-S bonds and the polysulfide compound (Na,S,) from Na,S
decomposition.>*>*%°] Simultaneously, the P 2p spectrum shows
new peaks at 133.2 and 134.2 eV, corresponding to the oxidized
product P, S;.5¢

EIS and distribution of relaxing time (DRT) were used to an-
alyze the decomposition process of the pre-Na agent at differ-
ent SOCs. The cell was charged at 0.1 C and paused for an EIS
test per hour (Figure S9, Supporting Information). In the entire
charging process, the cell Ohmic resistance (Rg) was maintained
at ~480 Q (Figure S10a, Supporting Information), indicating no
electrolyte-related degradation. As the SOC increases from 0% to
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Figure 6. The evolution of the cathode composite impedance with the pre-N

40
) SOC (%)

a agent during the 15! charging process. a—c) Nyquist plots of the cells with

pre-Na agent as the cathode at SOC of 0%, 70%, and 100%, respectively. d—f) DRT results derived from the Nyquist plots with peaks fitted at different
SOC (20%, 70%, and 100%) to show multiple electrochemical processes. g) A comparison of the DRT curves at SOC from 10% to 70% and h) 70% to

100%. i) All peak intensity evolution with SOC from 0% to 100%.

70% (Figure 6a,b), the polarization resistance R2 (the equivalent
circuit in Figure S10b, Supporting Information) of the battery
rose from 61.4 to 181.9 Q, which relates to the charge-transfer
reactions with the characteristic frequency at ~#10° to 10° Hz.
This corresponds to the continuous extraction of Na* from Na,S.
When SOC is higher than 70%, a new semicircle with a charac-
teristic frequency at 10% to 10! appears (R3/CPE3), indicating that
NPS starts to decompose and leads to slower Na* transportation
kinetics inside pre-Na particles. As the Na* was further extracted
from the pre-Na agent, R3 increased dramatically (Figure 6c¢), re-
sulting from the NPS decomposition and the depletion of Na*
from pre-Na.

The DRT curves corresponding to different SOCs are shown
in Figure 6d—f, which were deconvoluted to six different peaks
(P1-P6), corresponding to the dominant electrochemical pro-
cesses, further elucidating the decomposition process of the pre-
Na agent. The P1 peak, with a time constant of 107° s, re-
mains unchanged during the charging process, corresponding

Adv. Energy Mater. 2025, 2405678 2405678

to the resistance of Na* ions transferred across the SE grain
boundaries.7*8] Peak P2-P4, with time constants ranging from
107 to 1073 s, are related to the charge transfer processes be-
tween the electrode and SE, including both the anode and cath-
ode sides. These peaks gradually increase as the SOC increases
from 0% to 70%, as shown in Figure 6g. Given that abundant
Na,Sn, alloy is used on the anode side, the increased impedance
primarily contributes to the cathode side of the pre-Na agent.
As Na* is gradually extracted from Na,S, the intermediate prod-
uct of polysulfide Na, S, has lower electrochemical activity, lead-
ing to increased charge transfer resistance. When the pre-Na is
further charged to SOC> 70%, peaks P5 and P6 with a time
constant from 1073 to 107" s surge dramatically, with the peak
shift to the higher time constant or lower characteristic frequency
(Figure 6g,i). These processes are related to diffusion within the
pre-Na agent. At this stage, final products of elemental S and
P,Ss are generated, which impedes Na* transfer from the pre-
Na. Concurrently, the decomposition of NPS begins to affect the

(9 of 12) © 2025 Wiley-VCH GmbH
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Na* diffusion of the pre-Na agent significantly. The DRT analysis
supports the EIS discussion well and is consistent with our XPS
results.

To summarize, after the decomposition, the residue materials
of polysulfides and elemental sulfur exhibit low conductivity and
electrochemical activity. However, since only 1.7 wt.% of residue
remains in the cathode composite, it slightly reduces the con-
ductivity and increases the impedance of the whole cathode com-
posite. The small particle size scaling in several micrometers, as
shown in Figure 5a,b, will not affect the electrochemical proper-
ties of the bulk cathode significantly. The negative influence of
the residue inactive materials is negligible when compared with
the improvement from the pre-Na agent, especially reflected in
the higher retention rate of the long cycle performance as shown
in Figure 4e.

2.5. Broad Application of Pre-Na in NaSSBs

Due to the favorable decomposition voltage of Na,S, this pre-
Na agent can be utilized in various NaSSB systems. To demon-
strate its broad applicability, we tested it in full cells with
NaNi, ;Fe; ;Mn, ;0, (NFM) cathode and/or an antimony (Sb)
anode. Figure S1la—c (Supporting Information) showcases the
initial charge and discharge cycles for three full-cell configura-
tions: NFM || Sn, NFM || Sb, and NCO || Sb. The NFM cath-
ode paired with the Sn anode achieved an ICE of 82%, similar
to that with the NCO || Sn full cell. Introducing a 3% pre-Na
agent to the NFM cathode enhanced the discharge capacity from
111.2 to 132.7 mAh g™'. Cells with Sb anode (NCO || Sb and
NFEM || Sb) exhibited lower ICEs (x~70%) due to more severe Na*
trapping associated with Sb anode. Thus, they require a slightly
higher amount (5 wt.%) of pre-Na agent to compensate for the
increased Na* loss to recover the cathode capacity fully. Figure
S12 (Supporting Information) provides a standardized calcula-
tion method for determining the pre-Na agent ratio. Addition-
ally, this method is extended to accommodate various cathode
(e.g., Na;V,(PO,),F; (NVP)) and anode (e.g., hard carbon) ma-
terials. Long-term cycling tests showed that these batteries with
pre-Na agent maintained over 90% capacity retention after 300
cycles (Figure S11d—f, Supporting Information), highlighting the
positive impact of pre-Na agent on battery performance as illus-
trated in NCO/Sn full cells.

3. Conclusion

This study presents a universal cathode pre-Na strategy to ad-
dress the first cycle irreversible capacity loss in NaSSBs. Na,S
was used as the Na donor due to its high theoretical capacity, no
gas generation, and suitable Na extraction voltage window. The
activation of Na, S was achieved by creating a mixed electron-ion
conducting network using NPS and AB. The ball milling pro-
cess is essential for activating Na,S, as it significantly reduces
the particle size of Na, S and increases contact with NPS and AB,
ensuring a uniform percolation network. The pre-Na agent with
the optimal ratio NPS: Na, S = 1:2 exhibits enhanced o, of 1.8
x 10~ and o,- of 1.8 X 1072 S cm™!, achieving a high capacity
of 511 mAh g~'. By incorporating a small amount of Na,S-NPS-
C pre-Na agent into the cathode, the released Na* compensates
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for anode trapping, allowing the full cell to achieve the theoret-
ical capacity, thereby maximizing energy density and advancing
the development of NaSSBs. Additionally, cycling stability is im-
proved due to the gradual release of residue Na* from the pre-
Na agent, offering significant potential for next-generation high-
energy-density batteries.

4. Experimental Section

Material Synthesis—Na3PS, Electrolyte (NPS): Two precursors, Na,S
(Sigma—Aldrich 98%) and P,Ss (Sigma—Aldrich 99%) were mixed with a
pestle in the mortar. Then, the mixture was transferred into ball milling
jars with a total mass of 1g, sealed with Y-ZrO, grinding media under an
argon atmosphere. Ball milling was carried out by a ball miller machine
(TMAX XQM) proceeding at 700 RPM for 6 h. Na; PS, electrolyte powder
was collected after ball milling without further treatment.

Material Synthesis—Presodiation Agent:  First, synthesized NPS, Na,S
(Sigma—Aldrich 98%), and acetylene black (Thermo Scientific 99.9%) with
the desired mass ratio were manually mixed in the mortar. The mixture
was then transferred into ball milling jars and sealed with Y-ZrO, grinding
media under an argon atmosphere. Ball milling was carried out by a ball
miller machine (TMAX XQM) proceeding at 600 rpm for 5 h.

Material Synthesis—NaoSn,: The NagSn, alloy was synthesized by
ball-milling the sodium block and tin powder. First, the sodium block was
manually mixed with the tin powder in the mortar with a pestle until pul-
verized, forming a powdery sodium-tin alloy. Then the mixture was trans-
ferred into ball milling jars and sealed with Y-ZrO, grinding media under
an argon atmosphere, ball-milled at 500 rpm for 2 h to let the reaction
sufficiently happened, and form a uniform sodium-tin alloy.

Materials Characterization: X-ray diffraction (XRD) samples were
loaded into glass capillary tubes (Charles Supper) of 0.5 mm diameter
inside a glovebox, sealed with clay and wrapped with parafilm. Then, the
samples were removed from the glovebox and flame-sealed using a butane
torch. These samples were evaluated on a Bruker Kappa goniometer cou-
pled with a Bruker APEX Il Ultra diffractometer using Mo Ka (4 = 0.7093
A) radiation at 40 kV and 40 mA within a Debye—Scherrer geometry.

X-ray photoelectron spectroscopy (XPS) data was gathered using the
AXIS Supra XPS from Kratos Analytical. The S 2p, P 2p, C 1s, and F 1s
spectra were compiled and analyzed using CasaXPS software.

Focused ion beam (FIB-SEM) was used to characterize the surface and
cross-section morphology of the NPS films. The exposed and heat-treated
films were mounted onto an SEM sample stage (Ted Pella) and trans-
ferred into the FEI Scios DualBeam FIB-SEM using the air-sensitive holder
to avoid ambient air exposure. The exposed samples were prepared in
a glovebox and sealed before being transferred to the focused ion beam
scanning electron microscopy (FIB-SEM) instrument, effectively prevent-
ing contamination. EDS mapping was collected using a 10 kV electron
beam with a current of 0.1 nA.

Raman spectroscopy was performed using a Renishaw inVia Raman
Microscope and a 532 nm laser source. Due to the samples’ air sensitivity,
all samples were sealed in two thin glass slides in the glove box and directly
exposed to the laser beam during testing.

TEM images were captured using Titan Cubed Themis Z 60-300,
Thermo Fisher Scientific, with aberration correction, an X-FEG source, and
a Bruker Super-X EDX detector. The test was operated at 300 kV, with a 30
pA beam current, a 21.5 mrad convergence semi-angle, and an 80-379
mrad collection semi-angle. Atomistic models were generated using Crys-
talmaker software and Fast Fourier transform (FFT) patterns. The inverse
analyses and radial intensity profiles were conducted using DigitalMicro-
graph (Gatan) software.

Electrochemical Characterization: The ionic conductivity of the pre-Na
agent was measured by the DC polarization method using a symmetrical
cell (NagSn, || NPS || pre-Na agent || NPS || NagSn,). All materials were
added in a 10 mm Polyetheretherketone (PEEK) die and pressed at 70 MPa
with titanium plungers. The NPS layers between the Na-Sn alloy, perform-
ing as the sodium source, and the pre-Na agent serve as the electron block

© 2025 Wiley-VCH GmbH
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layer to avoid short circuits from carbon. The o, , of the pre-Na agent with
different Na,S-NPS ratios was determined from the obtained value after
applying a 0.1V bias voltage for 300s, using Bio-Logic VSP-300.

Electrochemical impedance spectroscopy (EIS) was measured with a
frequency range from 7 MHz to 1 Hz and an AC amplitude of 10 mV using
Bio-Logic VSP-300. To test the EIS revolution of the pre-Na agent, the cell
configuration as pre-Na || NPS || NagSn, was assembled and charged at
0.1C for 10h. To avoid the reaction between the NPS and NagSn, anode,
which complicates the analysis and makes it challenging to identify the
reaction on the cathode side, NBH was added between the SE layer and
anode as an isolation layer. A 6 mg pre-Na agent was weighed and placed
on the NPS-NBH electrolyte layer as the cathode.

DC polarization was collected by directly testing the pre-Na agent be-
tween the Ti plungers, while a potential bias of 1V was exerted to stimulate
the electrochemical reaction.

Solid-state batteries were assembled in a 10 mm PEEK die with two Ti
plungers. For pellet cell assembly, 100 mg of commercial halide solid elec-
trolyte (99.9%, Unigrid, USA) was pressed under 110 MPa to form a rigid
pellet without cracks as the support layer with a thickness of ~400 um.
To relieve the interfacial reaction at the SE-anode interface, 10 mg NCBH
(99.9%, Unigrid, USA) was added to form an isolated layer. For the presodi-
ated cells, a 3% or 5% mass ratio of the pre-Na agent was mixed with NCO
or NFM cathode composites. The NCO cathode composite was manually
prepared by mixing NaCrO, active materials, halide SE, and vapor-grown
carbon fibers (VGCF) in a 50:48:2 weight ratio and added to one side of the
SE pellet. Since the NFM cathode has a lower conductivity than NCO, an
extra ball milling step was required to help improve the cell performance.
0.4 g tin or antimony powder was weighed and mixed with 0.2 g CNT for
anodes. Then, the mixture was distributed in 0.3 g DI water in a THINKY
Mixer at 1800 rpm for 20 min.

The configuration of full cells was shown as NCO/NFM || halide SE
|| Sn/Sb. The assembled cells with all three parts were pressed again
at 270 MPa before electrochemical testing. The cells were cycled us-
ing a Neware Battery cycler at room temperature and under pressure at
~75 MPa.
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