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ENGINEERING

Atomic Sn-enabled high-utilization, large-capacity,
and long-life Na anode

Fei Xu'*, Changzhen Qu', Qiongqgiong Lu?, Jiashen Meng?, Xiuhai Zhang’, Xiaosa Xu’,
Yugian Qiu', Baichuan Ding', Jiaying Yang', Fengren Cao*, Penghui Yang', Guangshen Jiang’,
Stefan Kaskel®, Jingyuan Ma¥, Liang Li**, Xingcai Zhang®’*, Hongqiang Wang'*

Constructing robust nucleation sites with an ultrafine size in a confined environment is essential toward sim-
ultaneously achieving superior utilization, high capacity, and long-term durability in Na metal-based energy stor-
age, yet remains largely unexplored. Here, we report a previously unexplored design of spatially confined
atomic Sn in hollow carbon spheres for homogeneous nucleation and dendrite-free growth. The designed archi-
tecture maximizes Sn utilization, prevents agglomeration, mitigates volume variation, and allows complete
alloying-dealloying with high-affinity Sn as persistent nucleation sites, contrary to conventional spatially exposed
large-size ones without dealloying. Thus, conformal deposition is achieved, rendering an exceptional capacity of
16 mAh cm™2 in half-cells and long cycling over 7000 hours in symmetric cells. Moreover, the well-known
paradox is surmounted, delivering record-high Na utilization (e.g., 85%) and large capacity (e.g., 8 mAh cm™)
while maintaining extraordinary durability over 5000 hours, representing an important breakthrough for stabiliz-
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ing Na anode.

INTRODUCTION

The pursuit of future energy-dense low-cost metal-based batteries
(e.g., Na) has stimulated tremendous efforts in constructing robust
interphases to tackle intrinsic interfacial instability, as ultimately
being manifested as uncontrolled dendrite growth with serious per-
formance deterioration (1-4). Approaches including optimizing
electrolytes (5, 6), constructing solid-state electrolytes (7, 8), de-
signing artificial protective layers (9-11), and engineering porous
three-dimensional scaffolds (12-16) have thus been developed for
various metal anodes. The resulting anodes, Na specifically, demon-
strate promising potentials with mitigated dendritic growth and
boosted plating/stripping stability (4, 12), whereas modulation of
sodiophilic nucleation sites has been recognized as one of the most
underlying factors for navigating the initial Na nucleation behavior
and subsequent growth. This is because conductive Na could, in
principle, deposit randomly with uncontrollable dendrite and un-
predictable shape. Weak sodiophilic affinity and the large size of
nucleation sites pose key limitations with high nucleation barrier,
large volume variation, and thus nucleation particle pulverization
during cycling. This would result in low plating/stripping capacity,
reduced cycling stability, and low Na utilization ratio [depth of
discharge (DOD)], giving rise to huge Na source waste, limited en-
ergy density, and even safety hazards (17-19). Therefore, exploring
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rational strategies of engineering sodiophilic nucleation site to cir-
cumvent the imperative hurdles of Na anode is thus highly desirable.

Recent tremendous efforts have thus been devoted to constructing
nucleation sites with high sodiophilic capability, such as N, O, and
S heteroatoms doping in carbons (13-15, 20-22). Meanwhile, inte-
gration of sodiophilic alloys [e.g., Au (23, 24), Mg (25), Zn (26), Sn
(16, 18, 24, 27), Sb (24, 28), Bi (29), etc. (19, 30)] or compounds
(31, 32) manifests prominent potential for stabilizing Na metal due
to their facile alloying/dealloying capability and/or high-affinity with
Na, similar to that for Li stabilization (33-35). The cycling life can
be extended to more than 2000 hours, while most of these stabilities
have been obtained at restricted capacity (<2 mAh cm™2), or vice
versa (25). Besides, the improved durability or capacity is always at the
cost of DOD [e.g., 16.7% (25, 36) or 25% (26, 28)]. The low DOD (<30%)
is actually ubiquitous in the area for Na metal anode, a pivotal yet
largely ignored issue for practical applications (20, 21, 37). One
of the essential reasons for the above paradox is the large volume
variation involved in the alloying/dealloying process, resulting in
the nucleation site pulverization and thus the interphase decay on
cycling, particularly for those large-size ones (24, 27). Downsizing
sodiophilic nucleation sites helps to mitigate the volume variation and
guarantee interphase stability for improved performances, such
as a DOD of up to 67%, a capacity of 4 mAh cm™2, and prolonged
cycling (<1600 hours) (17, 18). However, these reduced nucleation
sites were usually supported on exposed surfaces and sometimes
with self-agglomeration, giving rise to nonuniform nucleation with
dendrite growth. Control over the cutoff stripping potential without
dealloying can ease volume variation (24). However, a vast amount
of Na is irreversibly consumed initially, and as-formed Na-metal
alloys essentially function as nucleation sites, which could decrease
the sodiophilic affinity (23). We envision that the ideal structure of
a nucleation site should be designed in such a fashion: further
downsizing dimensions even to atomic levels while confining in a
spatial nanospace to permit complete alloy-dealloying. In this cir-
cumstance, current uncharted performance terrain toward achieving
remarkable DOD (e.g., >80%) while synchronously maintaining
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large areal capacities (e.g., >4 mAh cm ) and long-term durability
over 2000 hours could be conquered, whereas investigations judi-
ciously orchestrating such architectures have been scarcely explored.

Here, we propose a facile design of spatially confined atomic Sn
in hollow carbon nanospheres (At-Sn@HCN) as a robust nucle-
ation site for homogeneous nucleation and dendrite-free growth.
At-Sn@HCN is prepared via one-pot aqueous micelle-interfacial
copolymerization followed by in situ carbothermal reduction, bypass-
ing the complicated template-assisted etching approach (17, 38-41).
The well-dispersed atomic Sn maximizes Sn utilization as a nucleation
site, while micropore confinement alleviates volume variation and
agglomeration, and thus reversible and complete alloying-dealloying
can be achieved. Therefore, superior capacity of 16 mAh cm™ is
realized for 4000 hours with stable Coulombic efficiency in the half-
cell, and the symmetrical cells demonstrate ultralong stability over
7000 hours. More encouragingly, the well-known paradox among
the DOD, areal capacity, and durability is surmounted, delivering
excellent DOD and areal capacity up to 85% at 3.4 mAh cm™> and
80% at 8 mAh cm 2, respectively, with extraordinary cycling over
5000 hours, which have rarely been achieved. Full cells with high-
loading cathode and limited excess of Na anode also demonstrate
improved stability, heralding a new paradigm for dendrite-free
Na anode.

RESULTS

Design and structure of At-Sn@HCN

The synthesis schematic for At-Sn@HCN is shown in Fig. 1A. Hollow
poly(aniline-co-pyrrole) spheres with SnO, (PACP/SnO5) are ob-
tained through micelle-interfacial copolymerization in the presence
of SnO; colloids, followed by carbonization. Unless specified, the
SnO, dosage is 2.5 ml (5.5 mM) in the following. Copolymerization
at the micelle interface has been well explored in our previous work
to build hollow carbon nanospheres (HCNs) and their hybrids with
encapsulated particles inside a hollow cavity (42-44). Here, atomic Sn
is incorporated in shell nanopores and thus is able to achieve ulti-
mate atom utilization with a stable structure (40, 45). Such versatile
strategy is in sharp contrast to the template-assisted etching or post-
loading pathways (fig. S1 and table S1), which are hindered by
tedious multistep procedures with high cost (17, 38-41).
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Fig. 1. Schematic diagram of the preparation and application of At-Sn@HCN in Na
metal stabilization. (A) Fabrication procedure of At-Sn@HCN. (B) At-Sn@HCN as nucle-
ation interphase for homogeneous Na nucleation and reversible plating/stripping.
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PACP/SnO; shows uniform spherical morphology without ob-
servable SnO, aggregation (fig. S2), while transmission electron
microscopy (TEM) image reveals the presence of hollow cores with
SnO; on the shell (fig. S3). These results suggest that the SnO, pres-
ence does not interrupt the interfacial copolymerization for hollow
structure formation, which otherwise does not trigger SnO, aggre-
gation, whereas the use of large-size SnO; particles gives rise to the
ill-defined spherical structure (fig. S4). After pyrolysis under 700°C,
the PACP is transformed into HCN with the creation of micropores
within carbon shell (42, 46), while SnO, undergoes in situ reduction
to Sn via carbothermal reaction. As shown in Fig. 2A and fig. S5, the
hollow spherical morphology well remains coupled with a decrease
in diameter (135 nm), smaller than those fabricated by the template-
assisted etching approach (usually >150 nm; table S1). The spherical
size can be further reduced to around 101 nm by decreasing the
monomer concentration (fig. S6), while an extensive increase in
SnO; colloids in the micelle solution (e.g., 10 ml, Ex-Sn/HCN) will
result in failure in the formation of spherical morphology, together
with the presence of large-size Sn particles outside (fig. S7).

It is envisioned that at 700°C, in situ reduced molten Sn keeps an
intimate contact with the carbon skeleton and thus is expected to
readily infiltrate the shell micropores facilitated by the capillary
effect. As shown by in situ TEM images, SnO; nanoparticles are
observed at 300°C but disappear at 600°C (fig. S8), reflecting
the infiltration of in situ reduced Sn. It is found that the specific
Brunauer-Emmett-Teller (BET) surface area and micropore volume
of At-Sn@HCN (231 m* g™ and 0.108 cm® g™") decrease, as com-
pared with that of HCN (331 m? g_1 and 0.125 cm® _1) (fig. S9 and
table S2), indicative of the micropore confinement. Furthermore, no
observable Sn particles or clusters were present in high-resolution TEM
images (Fig. 2B), and diffraction peaks ascribing to metallic Sn were
not observed as well in the X-ray diffraction pattern (XRD, Fig. 2C),
further confirming the micropore confinement of Sn, while the
Ex-Sn/HCN with bulk Sn outside shows notable metallic Sn peaks
(Fig. 2C). Elemental mappings vividly showcase the homogeneous
distribution of Sn in the shell of At-Sn@HCN (Fig. 2B), and numer-
ous fine and bright dots are uniformly rooted in the carbon shell with
a small size, as shown in high-angle annular dark field (HAADF)-
scanning transmission electron microscopy (STEM) images (Fig. 2,
D and E), confirming the presence of isolated Sn atoms. The weight
percentage of Sn is 10.2 wt% via Thermogravimetric (TG) analysis.
Further increasing the SnO, dosage leads to enhanced Sn content and
reduced BET surface area and micropore volume (figs. S10 and S11),
revealing the gradual nanopore filling. Together, these results veri-
fied that Sn mainly existed inside micropores of At-Sn@HCN with
an atomically dispersed state.

The isolated atomic feature of Sn was further validated by the
X-ray absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectra (Fig. 2, F and G). The
absorption edge in the XANES spectrum of At-Sn@HCN shifts to
the higher-energy region and shows higher intensity, as compared
with that of Sn foil (Fig. 2F), revealing the oxidized valence state of
metal atoms (39, 45). Moreover, the Fourier-transformed EXAFS
spectrum exhibits a notable Sn—N coordination peak (=~1.53 A),
while the Sn—Sn peak (~2.82 A) largely disappears (Fig. 2G), clari-
fying that the Sn sites exist as an atomically dispersed state in the
shell. The EXAFS results are further fitted to provide the pentagonal
architecture of Sn-N5 coordination configuration (fig. S12 and
table S3), in accordance with the previous report (47). The bonding
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Fig. 2. Structural characterizations of At-Sn@HCN. (A and B) TEM images and corresponding elemental mappings of At-Sn@HCN. (C) XRD patterns of At-Sn@HCN and
Ex-Sn/HCN. (D and E) HAADF-STEM images of At-Sn@HCN. Sn K-edge (F) XANES spectra and (G) Fourier-transformed EXAFS spectra of At-Sn@HCN and Sn foil. (H) Opti-
mized structures and charge density difference plots of Na atom adsorption on HCN (left) and At-Sn@HCN (right).

N was confirmed by X-ray photoelectron spectroscopy (fig. S13),
derived from the N-containing PACP (42, 48), in which pyridinic N
can serve as an anchor site for Sn coordination. It is difficult to re-
move atomic Sn completely by etching with HCI (fig. S14), which
also reveals the coordination effect. All these results demonstrate the
nanoconfinement of Sn atoms with a strong chemical coupling and
micropore confinement between Sn and N-doped carbon shell.

Reversible and long-term plating/stripping

Encouraged by the unique nanoarchitecture of spatially confined
atomic Sn and the synthetic simplicity, the Na metal anode perfor-
mances were evaluated by using At-Sn@HCN as a nucleation buffer
layer. Sodiophobic carbon frameworks are thermodynamically
unfavorable for Na nucleation, exacerbating the dendrite growth,
while Sn can undergo facile alloying-dealloying reactions with Na
and thus serves as a preferential nucleation site (16, 18, 24). As cal-
culated by the density functional theory (DFT) simulation, the ad-
sorption energy (E,q) of a Na atom on an ideal graphene is —0.69 eV,
while the value of coordinated Sn on graphene is —2.06 eV (Fig. 2H),
demonstrating much higher sodiophilicity and therefore is much
more conducive to the adsorption of Na ion flux.

Xu et al., Sci. Adv. 8, eabm7489 (2022) 11 May 2022

The enhanced binding energy would enable a lower Na nucleation
barrier, as demonstrated by the nucleation overpotentials (Fig. 3A).
The overpotential is only 5 mV for At-Sn@HCN at 2 mA cm ™2,
much lower than that of HCN (12 mV) and bare Cu (54 mV; fig. S15).
By increasing the current density, At-Sn@HCN always retains con-
stantly lowest overpotentials among the HCN and bare Cu (Fig. 3B
and fig. $15), such as 4 mV at 1 mA cm >and 11 mV at 4 mA cm ™.
These values are also lower than the previously reported Na anode
under similar current densities (table S4), such as Sn/C (15.5 mV at
3mA cm™2) (18), Sn@C composite (~18 mV at 2 mA cm™2) (27), Sn
and Sb film (12 mV at4 mA cm™2) (24), BICCNs (7.4 mV at 1 mA cm™2)
(29), C-NTO-3 (10.5 mV at 3 mA cm™?) (32), CT-Sn(I)@Ti5C,
(40 mV at4 mA cm2) (30), h-TizCo/CNTs (6 mV at 1 mA cm 2) (49),
N, S codoped hollow carbon fibers (16.4 mV at 4 mA cm™?) (20),
and O-CCF (9 mV at 1 mA cm™2) (14). It can thus be concluded that
incorporation of high sodiophilic Sn helps to overcome the hetero-
geneous nucleation barrier.

The Na plating/stripping reversibility can be reflected by the
Coulombic efficiency (CE), which is calculated by the ratio of
stripping capacity to plating capacity. A fixed capacity was first
electrochemically plated and then stripped away to 1 V. At-Sn@HCN
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Fig. 3. Electrochemical and structural analysis in half-cells. (A) Voltage profiles and (B) nucleation overpotentials of Na deposition on the At-Sn@HCN and HCN elec-
trode. (C) Coulombic efficiencies of Na plating/stripping on At-Sn@HCN, HCN, and bare Cu at 2 mA cm™ and 1 mAh cm™ (D) Stepwise increasing the areal capacity of
At-Sn@HCN from 2 to 16 mAh cm™ and back to 2 mAh cm™ at 1 mA cm™2. (E) Plating/stripping curves of At-Sn@HCN at T mA cm™ and 16 mAh cm™ (F) Discharging
curve at the first cycle for At-Sn@HCN in half-cell at 1 mA a2 (G) Corresponding SEM images after discharging for a given time. The inset is a digital photo for plating of
60 min. (H) Element mappings of the At-Sn@HCN electrode at the nucleation point (12 min) in (F).

delivers a high and stable CE with an average value of up to 99.93%
over 1000 cycles at 1 mAh cm™” and 2 mA cm* (Fig. 3C). By
contrast, the HCN and bare Cu foil show fluctuating CEs with a
lower average value of 90 and 86% after only 250 and 100 cycles,
respectively (Fig. 3C), reflecting the repetitive growth and dissolu-
tion of Na dendrites with “dead Na.” This is mainly because of the
absence of preferential nucleation sites with uncontrollable deposi-
tion. The corresponding voltage-capacity profiles are provided in
figs. S16 and S17, where At-Sn@HCN delivers almost overlapped
profiles with negligible capacity loss and low-voltage hysteresis.
Decreasing Sn content in HCN (e.g., 0.5 ml of SnO, dosage) would
give rise to insufficient alloying nucleation site and thus leads to a
slight increase in nucleation overpotential and a decrease in average
CE (fig. S18). Higher current density usually gives rise to the in-
creased probability of dendrite formation and thus is detrimental to
high CE. Nevertheless, at 4 mA cm ™, the average CE of 99.95% can
be obtained with 500 cycles. Meanwhile, as the capacity increases to
6 mAh cm™?, the CE of At-Sn@HCN is still stable around 99.96%
(fig. S19). The encouraging performances inspire us to further ex-
plore the maximum plating capacity. By exerting a stepwise increased

capacity even to 16 mAh cm ™, the CE can steadily persist for nearly

Xu et al., Sci. Adv. 8, eabm7489 (2022) 11 May 2022

99.90% (Fig. 3D) and can be largely recovered (99.81%) by switching
back to 2 mAh cm™. Notably, At-Sn@HCN still delivers intriguing
cyclability under a capacity of 16 mAh cm ™ with a stable average
CE for 4000 hours (Fig. 3E).

Driven by the impressive reversibility and high capacity, the Na
nucleation and spatial growth behavior were traced by the ex situ
scanning electron microscopy (SEM) images (Fig. 3G and fig. S20).
As marked in the discharge curve (Fig. 3F), the process undergoes
sodiation, alloying, and deposition. At the beginning with a capacity
of 0.17 mAh cm™ (10 min), sodiation of carbon and alloying with
Sn occur; thus, the nanospherical morphology remains, similar to
the pristine one (fig. S21). With continuous discharging below 0 V,
the nucleated Na metal starts to grow. As revealed by the TEM and
corresponding mappings at this point (12 min), uniformly distrib-
uted Na and Sn are observed in the carbon shell without isolated
bulk Na out of spheres (Fig. 3H and fig. S22). The results indicate
the successful mediation of Na plating at the nucleation stage. Sub-
sequently, Na begins to deposit by gradual filling of the nanospace
between spheres (15 and 20 min, Fig. 3H), and thus, the overall elec-
trode thickness remains unchanged during this period (fig. S23).
Therefore, a lateral plating behavior is inferred to occur, in which
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newly plated Na spreads into inter-sphere space with the growing
direction almost parallel to electrode surface. This contrasts with the
conventional Na dendrite formation in a vertical direction. With
further deposition to 1 mAh cm™2 (60 min), a uniform layer of Na
covers the At-Sn@HCN surface (Fig. 3G and its inset photo). Smooth
and dendrite-free morphology was still observed even with plating
up to 16 mAh cm ™2, as shown in the top-view SEM image in fig.
S24A. From the cross-sectional SEM images in fig. S25, the thickness
variation from 1 to 16 mAh cm ™ plating is very close to the theoret-
ical calculated value, further corroborating the dendrite-free growth
enabled by the At-Sn@HCN nucleation layer. Then, after fully
stripping away, the spherical morphology reappears with few traces
of metallic Na left (fig. S24B). In addition, atomic Sn in HCN is
quite robust, as shown in the TEM and HAADF-STEM images with
homogeneously distributed Sn after 100 cycles (fig. $26). In com-
parison, uneven Na grains deposit on bare Cu and then coalesced
into a loose Na layer with notable protuberance upon increasing

plating capacity (fig. S20). This nonuniform nucleation exaggerates
the uneven electric field distribution, further facilitating nonuniform
morphology, e.g., 16 mAh cm ™, and residual dead Na is detected
after stripping (fig. S24, C and D). The schematic illustration for
plating and stripping of At-Sn@HCN and bare Cu is provided in
Fig. 1B and fig. S27. All these results confirm that At-Sn@HCN
nucleation architecture is conducive to Na dendrite inhibition and
permits reversible plating/stripping with near-unity CE and robust
cycling stability.

High interfacial stability with long-term cycling

The long-term interfacial stability was tested in symmetrical cells via
galvanostatic cycling. Figure 4A disglays the voltage-time profiles
under a fixed capacity of 1 mAh cm™ (predeposition: 4 mAh cm ™)
at 1 mA cm 2. The At-Sn@HCN/Na symmetric cell shows a low over-
potential (~3.4 mV) and remains constant for more than 4000 hours
of cycling, as virtually revealed by the flat voltage plateaus (inset of
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Fig. 4. Symmetric and full cell performances. (A) Voltage-time profiles of At-Sn@HCN and HCN in symmetric cells at an areal capacity of 1 mAh cm™ and a current
density of 1 mA cm™2; insets show the enlarged curves around 1000 and 4000 hours. (B) The comparison of cycle stability, current density, and areal capacity with previous
works. (C) Voltage-time profiles of At-Sn@HCN in symmetric cells with DODs of 80 and 85%. (D) The comparison of DOD, capacity, and cycle life with previous literatures.
(E) The rate test from 0.1 to 5 C and back to 2 C for At-Sn@HCN/Na||NVP and Cu/Nal|NVP full cells. (F) Long-term cycling of At-Sn@HCN/Na||NVP full cell at 2 C.
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Fig. 4A). The overpotential increases to around 9 mV with cycling
even at an unprecedented 7000 hours. Such slight increase with
fluctuation especially after 4000 hours probably due to the side
reactions gradually accumulated during the long-term cycling. In
contrast, the voltage profiles of the HCN/Na symmetric cell display
higher overpotentials with uneven rising and falling, particularly
notable after 4000 cycles (e.g., 37 mV for 7000 hours). The superiority
of At-Sn@HCN is more obvious at a hi%her current density of
5 mA cm 2 and a capacity of 5 mAh cm ™ (fig. $28). Most of the
reported durability for Na anode is limited to 2000 hours with a few
around 4000 hours (13, 17, 18). Our unprecedented long-term
cycling of 7000 hours is thus a record value (Fig. 4B and table S5).
Electrochemical impedance spectroscopy (EIS) shows that the resist-
ance is quite low and stable after 50 and 300 cycles for At-Sn@HCN/Na
(around 6.0 Ohm), while HCN/Na delivers a large resistance of
about 50.0 Ohm after 300 cycles (fig. S29).

Ultrahigh Na utilization

The plating/stripping interfacial stability related to not only the
current density and areal capacity but also the Na metal utilization
ratio, i.e., DOD, which is also an important indicator but unfortu-
nately quite low in previous studies (<30%), causing huge Na source
waste, low energy density, and severe safety hazards (17, 18). Recent
endeavors show some progress in enhancing DOD but at the cost of
cycle life and capacity such as a DOD of 67% with a limited cycle life of
1600 hours for C@Ag (17), 1275 hours for Sn/C (18), and 850 hours
for Bi/C (29). Consequently, achieving long-term durability under
high DOD and large capacity remains challenging. Intriguingly, the
At-Sn@HCN/Na symmetric cell can be steadily cycled with a DOD of
up to 80% at a capacity of 8 mAh cm™> over 5000 hours, a record-
high value as far as we know (Fig. 4C). Furthermore, an unprece-
dented DOD of up to 85% was realized for cycling over 5000 hours
at 3.4 mAh cm™2. Recent reported literatures with corresponding
DOD, cycling time, and areal capacity were summarized (Fig. 4D and
table S6) for a better proof of superior performances of At-Sn@HCN.
Undoubtedly, our strategy of introducing atomic Sn in HCN thus
suggests a new benchmark for Na metal anode.

Proof-of-concept full cells were assembled with NazV,(POy); (NVP)
as cathode for evaluating potential applications. An initial discharge
capacity of 94.7 mAh g~' was achieved at 0.5 C, and the capacity
retention ratio of 90% remains over 200 cycles for the At-Sn@HCN/
Na anode, whereas full cells using the bare Cu/Na anode show de-
creased initial capacity and fail at the 76th cycle (fig. S30), mainly
due to the short circuit with dendrite formation. The rate perfor-
mance is also superior to the bare Cu/Na-based full cell (Fig. 4E),
exhibiting reversible capacities of 97.7, 96.9, 94.1, 91.3, 87.5, and
79.2 mAh g as the current density increases from 0.1 to 5 C. After
switching back to 2 C, the cell still reveals a high capacity of
87.1 mAh g™'. The corresponding charge and discharge plateaus are
evident, and the polarization increases slightly with the rate incre-
ment (fig. S31A). More intriguingly, the long-term durability under
2 C was also measured, delivering an outstanding cycling stability
and an average CE of 99.73% for 800 cycles (Fig. 4F), as also shown
by the small and stable polarization between the charge and dis-
charge plateaus (fig. S31B). Considering practical implementation,
it is necessary to use a high areal cathode capacity and limited Na
metal, namely, low negative to positive electrode capacity (N/P < 2),
but it is largely neglected in previous work (table S7). Thus, harsh
conditions were explored with cathode mass loading up to 7 mg cm ™
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and N/P down to 1.2 (fig. S31C). In this context, the At-Sn@HCN/
Na||[NVP cell exhibits specific capacities of 81.4 mAh g™ after
100 cycles with a capacity retention of up to 93.0%, offering promising
opportunities to accelerate the practical adoption of Na metal anodes.

DISCUSSION

Underlying role of confined atomic Sn

Control experiments with excess Sn outside HCN and large-size Sn
microparticles were also measured to reveal the essential role of Sn
in atomically dispersed, micropore-confined configuration (figs. S7
and $32). Sn microparticles exhibit two couples of peaks in cyclic
voltammetry (CV) curves (Fig. 5A), mainly due to the multistep
alloying/dealloying reactions between Sn and terminal equilibrium
Na;5Sny (18, 24, 27), while At-Sn@HCN shows only a broad quasi-
rectangular curve, probably due to the low content of Sn (fig. S33).
The alloying capability of Sn upon sodiation could serve as a prefer-
ential nucleation seed based on the Na-Sn binary phase diagram
(fig. S34). For the sodiation of atomic Sn, the EXAFS of the At-Sn@HCN
electrode after discharging to 0.01 V was measured, and the results
show the remaining of the atomic Sn and the occurrence of sodiation
reaction, but probably in a different manner with large-size Sn
(fig. S$35). In-depth sodiation reaction of atomic Sn is worthy of fur-
ther investigation. Typical alloying/dealloying involves large volume
variations and thus suffers from particle pulverization, which is
detrimental to long-term durability (18, 24). This can be revealed by
the irregular CE fluctuation after 600 cycles for Ex-Sn/HCN under
the same conditions (fig. $36), in contrast to At-Sn@HCN.

To avoid such pulverization, the current strategy is to avoid the
dealloying, such as control over the cutoff stripping potential. As an
example of a Sn microparticle, when fixing the cutoff potential at
0.1V, realloying is suppressed, and the half-cell can be cycled with
stable CE close to 99.73% except the first cycle (fig. S37). However,
with plating to 1 V like that for At-Sn@HCN, the Sn microparticle
undergoes stepwise dealloying but overcharges at 0.54 V (Fig. 5D),
causing the failure of the half-cell due to the irreversible side reac-
tions. However, there are some drawbacks in using the cutoff po-
tential: (i) Plenty of Na is irreversibly consumed in the first plating
procedure, as reflected by the low CE in the first cycle for both the
Sn microparticle (31.75%) and At-Sn@HCN (68.13%) (the inset of
Fig. 5D); (ii) in this context, Na cycling proceeded using the irre-
versibly formed Na-Sn alloy (e.g., Na;5Sny) as a nucleation site after
the first cycle. Currently, the sodiophilic nature of alloying species,
for example, whether metal or its Na-metal alloy interphase has better
affinity, has remained unexplored. Therefore, Na affinity toward Sn
and Na,;5Sny alloy (upon cutoff potential of 0.1 V) was evaluated
using DFT calculations. The E,4 of an isolated Na atom on Sn is
notably lower than that of Na;5Sny, indicative of higher sodiophilicity
for Sn (Fig. 5, B and C). In our design, downsizing of Sn to an atomic-
dispersed state while confined inside micropores can effectively
mitigate the volume change and stabilize the interphase even with
complete dealloying during each cycle. Thus, much higher sodio-
philic Sn with higher affinity persistently acts as a nucleation site.
These structural advantages are displayed in Fig. 5E, which are to-
gether responsible for the ultralong durability with record-high Na
utilization and large areal capacities. An ongoing effort aims to fur-
ther reduce the nucleation layer loading to suppress any undesirable
side reaction and enhance the overall energy density of cell in view
of practical applications.
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of At-Sn@HCN and Sn microparticle electrode under different cutoff potentials of 1 and 0.1V at2 mA cm™2and 1 mAh cm”™

behaviors for At-Sn@HCN and a large-size Sn system.

To summarize, we reported the design and implementation of
micropore-confined, atomic Sn in hollow carbon spheres as a robust
nucleation layer for stable Na metal anode. The facile micelle-interfacial
copolymerization with subsequent carbothermal reduction for
At-Sn@HCN circumvents the limitations of template-assisted pro-
cedures. Such nanoarchitecture maximizes the utilization of Sn as
active nucleation sites, alleviates volume variation, suppresses
pulverization, and permits complete alloying-dealloying without
controlling cutoff potential. Consequently, the high-affinity Sn per-
sistently functions as a robust nucleation site, contrary to conven-
tional spatially exposed aggregated ones. Therefore, an extraordinary
capacity and ultralong cycling are realized, and the well-known
paradox among Na utilization, areal capacity, and durability is sur-
mounted. Such elaborate architectural design and excellent per-
formances offer an impetus for dendrite-free metal batteries.

MATERIALS AND METHODS

Materials synthesis

SnO; colloid was obtained by a modified sol-gel method. Specifically,
SnCl,-2H,0 (0.9 g) and thiourea (0.3 g) were added in 30 ml of
deionized water, and the mixture was vigorously stirred until it
becomes transparent yellow. Then, hollow poly(aniline-co-pyrrole)
spheres with SnO, (PACP/SnO,) nanospheres were fabricated through
one-step micelle-interfacial copolymerization in the presence of the
above SnO; colloid. Sixty milliliters of aqueous solution containing
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2. (E) Schematic illustration of plating/stripping

0.06 g of Triton X-100 and a certain amount of SnO, colloid was first
prepared, and then pyrrole (0.38 ml, 0.09 M) and aniline (0.49 ml,
0.09 M) were added respectively. Subsequently, the suspension was
subjected to stirring and ultrasonification for each 30 min, respec-
tively, to obtain a homogeneous mixture. After cooling to 0°C for
30 min, a precooled aqueous solution of ammonium persulfate
(2.47 g) dissolved in 5 ml of deionized water was added quickly to
initiate polymerization under intensive stirring, and then the reac-
tion proceeded for 12 hours without agitation at 0°C. The product
was collected by filtration and dried in an oven at 60°C, yielding
PACP/SnO,. The resulting At-Sn@HCN was obtained by carbon-
ization at 700°C for 3 hours with a heating rate of 5°C min™" under N,
atmosphere, in which the amount of SnO; colloid is 5.5 mM (2.5 ml).
For comparison, Ex-Sn/HCN was prepared under similar condi-
tions except that the amount of SnO; colloid was set to be 22 mM
(10 ml). Commercial SnO, particles were also used instead of SnO,
colloid for comparison. HCN was prepared similarly via the micelle-
interfacial copolymerization. At-Sn@HCN etching was prepared by
immersing At-Sn@HCN into excess hydrochloric acid (1 M) with
stirring overnight, followed by washing and drying.

Materials characterization

The morphology and microstructure were characterized through
field-emission SEM (NANOSEM450, FEI) and TEM (Talos F200X,
FEI). Particle size distribution was obtained by statistical analysis
of about 100 spheres at random from SEM images. The X-ray
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diffractometer (MAXima_X XRD-7000) was used for detecting
the presence of Sn particles and for the formation of amorphous
carbons. The content of Sn was measured by TG analysis (METTLER
TOLEDO). The N, adsorption-desorption measurements were con-
ducted using an automated gas sorption analyzer (Micromeritics
ASAP 2460) at 77 K, and the calculation of Brunauer-Emmett-Teller
(BET) surface area was based on BET theory. XANES measurements
for the Sn K-edge of At-Sn@HCN and Sn foil were conducted in
transmission mode (fluorescence mode) on beamline 12-BM in the
Advanced Photon Source at Argonne National Laboratory, while
the XANES of electrodes of At-Sn@HCN and Sn microparticles
after sodiation (discharge to 0.01 V) were measured on the BL14W1
beamline of Shanghai Synchrotron Radiation Facility. The X-ray
photoelectron spectroscopy (Shimadzu Kratos Axis Supra) was used
for analyzing the doped N in carbons.

Electrochemical measurement

Na stripping/plating in the electrodes were measured in a CR2025
coin-type test cell with an electrolyte of 1 M NaPF in diglyme (35 pl
in each cell) for half- and symmetric cells. The working electrode
(substrate for Na plating/stripping) was prepared by mixing the
active materials (e.g., At-Sn@HCN, HCN, or Ex-Sn/HCN) and the
binder (carboxymethylcellulose sodium:styrene-butadiene rubber =
4:1 in mass ratio) in a weight ratio of 23:3 using water as the dis-
persant on Cu foil (12 mm in diameter), and the mass loading of
the nucleation buffer layer is 1 to 1.2 mg cm ™

The half-cell was assembled using the above electrode (or bare
Cu foil) and a metallic Na foil (10 mm in diameter) as the working
and counter electrode, respectively, and the separator is Celgard
2500. Before testing, the half-cells were activated for 5 cycles between
0.01 and 1 V (versus Na*/Na) under 0.1 mA cm™> The CE was as-
sessed by the ratio of Na stripping capacity to Na plating capacity, in
which a fixed capacity was first electrochemically plated under con-
stant current density and then stripped away with a fixed potential.
Unless otherwise stated, the cutoff stripping potential is set to 1 V.

For the configuration of the symmetric cell, two identical elec-
trodes were prepared as follows: The Cu foil with the nucleation
buffer layer electrode was first plated with a certain amount of Na at
a current density of 1 mA cm™? in half-cells, which were then dis-
assembled to obtain the predeposited Na loading electrode (denoted
as At-Sn@HCN/Na or HCN/Na). The symmetric cells were then
assembled with the above identical predeposited Na electrodes (e.g.,
At-Sn@HCN/Na) for the plating/stripping measurement. The pre-
deposition of Na loading is fixed at 4 mAh cm ™ for symmetrical cells
with a plating/stripping capacity of 1 and 3.4 mAh cm ™2, whereas it
is fixed at 10 mAh cm™ with a plating/stripping capacity of 5 and
8 mAh cm ™% The interfacial stability and voltage hysteresis were
measured at different plating/stripping areal capacities under various
current densities. CV was conducted on the CHI660 electrochemical
workstation (Shanghai Chenhua). EIS measurements were con-
ducted with a frequency range from 100 kHz to 100 mHz with an
amplitude voltage of 10 mV using a Biologic Science Instrument
(Bio-Logic SAS) with the symmetric cells.

For the full cell test, the cathode material is NVP, which was
mixed with polyvinylidene fluoride and Super P with a weight ratio
of 8:1:1 in N-methyl-2-pyrrolidone solvent. The slurry was coated
onto the Al foil and dried in a vacuum oven at 60°C for 8 hours. The
mass loading of NVP was around 3 mg cm™ (0.35 mAh cm ™), and
high loading amount was controlled around 7 mg cm ™ (0.82 mAh cm ).
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The Sn@HCN/Na||NVP full cells were assembled with the NVP
cathode and At-Sn@HCN/Na anode, whereas the full cell with Na
predeposited on the bare Cu foil anode serves as control. The glass
fiber membrane is used as a separator, and the electrolyte amount
is 120 pl. The full cell was tested on a CT2001A battery test sys-
tem (LAND, Wuhan LAND Electronic Co. Ltd., China) in the voltage
range of 2.5t0 3.8 V.

DFT calculations

The DMol3 quantum mechanics program based on DFT is used for
geometry optimization. The vacuum layer is 15 A for Sn and Na;5Sn,
crystals and 20 A for graphene substrates, respectively, to avoid the
interaction between adjacent layers. The Perdew-Burke-Ernzerhof
function in general gradient approximation is chosen for exchange
correlation energy. DFT semicore pseudo potential and double
numerical plus polarization function are used considering the rela-
tivistic effect. The parameters of convergence for geometry optimi-
zation are demonstrated as follows: 1.0 x 107 Ha per atom for
energy, 0.002 Ha A~ for force, and 0.005 A for displacement. The
Monkhorst-Pack k-point sampling was 1 x 1 x 1 for supercells of
carbon (5 x 5) and Na;5Sny (1 x 1) and 1 x 2 x 1 for the Sn supercell
(2 x 3). The adsorption energy (E,q) is defined as E,q = Egjab + Na —
Eglab — Ena» Where Egjab + Na> Eslab» and Ex, refer to the energy of
the total system, adsorption substrate, and Na atom, respectively.
The calculation for differential charge density is from Cambridge
Sequential Total Energy Package based on DFT. The self-consistent
convergence condition is that the energy variation of a single atom
is less than 1.0 x 107 eV.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7489
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