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Sodium-based batteries have attracted wide interests in the academic and industrial fields. However, their energy density
is still lower than that of Li-based batteries. Here we report an initial anode-free Na battery with an energy density of over
200 Wh kg, which is even higher than that of the commercial LiFePO,||graphite battery. Through introducing graphitic carbon
coating on the Al current collector and boron-containing electrolytes in the battery, we show that uniform nucleation and robust
interphases enable reversible and crack-free Na deposition. Benefitting from the synergetic effects derived from the built coop-
erative interfaces, the cycling lifetime of the Na battery without applying additional pressure reaches 260 cycles, which is the
longest life for large-size cells with zero excess Na. The insights gained from the Na plating/stripping behaviour and interfacial

chemistry in this work pave the way for further development of Na batteries with even higher performance.

tribution, the Na-ion battery (NIB) is a cost effective choice

for electrical energy storage, particularly, in large-scale grid
decarbonization'. However, limited by the relatively large atomic size
and weight of Na, the energy density of current NIBs is generally
below 160 Whkg™!, which is lower than that of commercial Li coun-
terparts”. A promising solution towards higher energy is replacing
the insertion-type electrodes in NIBs such as carbons with ultra-thin
Na metal (1,166 mAhg™ and —2.71V versus standard hydro-
gen electrode potential) to fabricate Na metal batteries (NMBs)>*.
Nevertheless, due to the soft and sticky properties of metallic Na,
processing and moulding are too difficult to produce the ultra-thin
Na metal anode. On the other hand, NMBs with thick anodes that
contain excess amounts of Na may sacrifice energy density. In addi-
tion, the poor air stability of Na metal (even in dry room conditions)
is very unfavourable for large-scale manufacture of NMBs°.

The anode-free Na battery (AFNB) configuration may offer a
solution to the above problems®’. In AFNB, the ‘real anode’ is elec-
trochemically in situ formed during the first charging process; the
Na formed at the anode side is always encapsulated without air
exposure, and no Na is wasted as active Na* shuttles are completely
from cathode materials. This not only facilitates the manufacturing
process but also boosts the energy density of AFNBs. However, dur-
ing the AFNB operation, active Na is consumed®’ and easy break-
age and reconstruction of the solid electrolyte interphase (SEI) is
induced by the large volume change of the deposited Na metal and
the high solubility of SEI components (such as Na alkyl carbon-
ates)'*'". These lead to rapid capacity decay. The uneven deposition
morphology also induces ‘dead Na’ during the repeated plating and
stripping, resulting in a low Coulombic efficiency (CE). Thus, both
opportunities and challenges exist in the AFNBs. However, unlike
anode-free Li batteries, AFNBs have received less attention'"°.

( : onsidering the abundant Na reserve and its worldwide dis-

To achieve high-performance AFNBs, it is vital to carefully con-
sider all essential components (including current collectors, elec-
trolytes and cathodes) and their compatibility at the cell level. For
current collectors, various substrates such as Cu, Al, Ag, C and so on
and their hybrids have been used for Na deposition®”'*"". Among
them, the Al-C hybrid could be an ideal current collector. This is
because Al could be used at both the cathode and anode sides, and
Al is light and inexpensive. On the other hand, low-cost carbon
materials with diverse structures and versatile properties may be a
good substrate with sodiophilicity.

Concerning electrolyte selection, 1 M NaPF; in diglyme (denoted
as PG) has been shown to enable a high average CE of 99.9% in
Na-Cu batteries®. Among ether-based solvents, diglyme has rela-
tively low viscosity and volatility”*>. NaPF, can effectively stabi-
lize Na metal as it facilitates the formation of favourable solvation
structures for ion transport and the formation of low-impedance
SET****?*, Therefore, NaPF; in diglyme could be a suitable electrolyte
formula for AFNBs. However, the depletion of limited Na content
during the repeated formation of SEI often takes place in AFNBs;
the poor compatibility between electrolytes and cathodes usually
results in a relatively low CE in AFNBs. Moreover, the lean state of
the electrolytes would accelerate the above failure process.

Prussian blue analogues and V-containing phosphates are com-
mon cathode materials for Na batteries, but intrinsic challenges
exist'*"'»», For example, the interstitial water in Prussian blue ana-
logues is detrimental to cell performance but is difficult to remove;
V-based phosphates contain toxic elements. Layered transition
metal oxides have been tipped to be promising for high electro-
chemical performance and facile large-scale fabrication**. However,
they have been rarely studied for AFNBs, mainly due to the chal-
lenge of the transition metal dissolution during cycling. Another
issue concerns the mass loading of active cathode materials; in most
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Fig. 1| Sodium batteries with cooperative interfaces using a graphitic carbon coating as the current collector and BPG as the electrolyte. The CEl at

the cathode side is induced by the decomposition of the electrolyte in the following sequence: NaBF, decomposes before NaPF, does. The two sequential
processes are denoted as “Ist’ and ‘2nd’ with arrows that are superimposed on the respective salt molecule. Decomposition also takes place at the anode
side but with a different sequence; NaPF, decomposes before NaBF, does. These decomposition processes have direct influences on the morphologies of
the CEl and SEI. As shown in the inset for the CEIl (a vertical view is displayed), a three-dimensional distribution of inorganic B species appears in the inner
layer of the CEl whereas inorganic P species and organic species distribution appears in the outer layer. In the outer layer of the SEI (the inset in a planar
view), B species shows a two-dimensional distribution (the inner layer is not shown here); a vertical view denotes a sodiophilic graphitic carbon coating
enables uniform nucleation of small Na blocks. The shape and thickness of the CEl and SEI are arbitrarily drawn, and the circular SEl is also used to denote

the uncompleted Na plating.

reports of Na batteries, the loadings are relatively low, indicating a
small amount of Na deposition with little practical significance. In
addition, it is challenging to realize large-scale cells, especially when
working under practical conditions such as limited electrolytes.

In this study, we adapt a battery setting in which a graphitic
carbon-coated current collector is used with no Na content at the
anode before the first charging, as shown in Fig. 1. Because car-
bon contributes a negligible amount of capacity, we term the bat-
tery ‘initial anode-free Na batteries. We use a layered oxide-based
Na[Cu, ,Ni,, Fe,,;Mn,,;]O, with a high massloading of >15mgcm™.
Instead of the common PG electrolyte formula, we design an elec-
trolyte consisting of 0.9MNaPF; and 0.1 MNaBF, in diglyme
(denoted as BPG). We show that B-containing species (the decom-
position products of NaBF,) play significant roles in both the SEI
and cathode electrolyte interphase (CEI). We reveal from combi-
natorial in situ and ex situ characterization analyses and theoreti-
cal simulations that the interfaces formed between different cell
components significantly affect the reversible Na plating/stripping.
We also demonstrate large-scale Ah-level cells with a high energy
density of 205 Whkg™ that are highly reversible, dendrite-free and
even crack-free for Na deposition. A long lifetime of 260 cycles is
achieved with the use of lean electrolytes (2g Ah™").

Controlling Na nucleation on current collectors
The initial Na nucleation on the current collector plays a key role in
Na deposition. Considering that bare Al foil has been confirmed to
be unfavourable for Na nucleation”?, two kinds of current collec-
tors based on Al foil with amorphous and graphitic carbon coating,
denoted as AC and GC, respectively, were prepared as investigation
models.

Scanning electron microscopy (SEM) images (Fig. 2a,b) about
their surface morphology show that the structural unit of AC is a
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spotted carbon particle with a size distribution from 60 nm to 150 nm
while that of GC is a crossed carbon rod with a diameter distribu-
tion from 90nm to 140 nm. The porosity of GC is obviously larger
than that of AC. High-resolution transmission electron microscopy
(TEM) images demonstrate that AC presents a disordered micro-
structure with turbostratic nanodomains (Fig. 2c) while GC displays
regular lattice fringes with interlayer spacing of ~0.33nm (Fig. 2d).
Raman spectra analyses further confirm the higher ordering associ-
ated with fewer defects of GC than that of AC (Supplementary Fig.
1). The high graphitization degree of GC benefits the higher elec-
tronic conductivity of GC than that of AC via a four-probe method
(Supplementary Fig. 2). Besides, rich pores of GC endow a perfect
wetting by the electrolyte (Supplementary Fig. 3).

The Na||AC and Na||GC cells (Supplementary Fig. 4) were first
prepared to assess the electrochemical performance (>0V) of GC
and AC under the PG electrolyte. It can be seen that AC shows a slop-
ing feature with high initial capacity loss (such as adsorption behav-
iour in disordered carbon at low pyrolysis temperature), whereas GC
shows both sloping and plateau regions with low initial capacity loss
(such as co-intercalation behaviour in graphite with ether electro-
lytes)”. Further overdischarging the cells below 0V demonstrates
the nucleation overpotential of GC (16.4mV) is smaller than that
of AC (25.7mV) (Supplementary Fig. 5), indicating a favourable Na
growth on the sodiophillic-ordered carbon surface”.

The Na deposition morphology (areal capacity of metallic
sodium is ~2mAhcm™) in AFNBs (AC||Na[Cu,,Ni,Fe, ;Mn, ;]
O, and GC||Na[Cu,,Ni,,Fe;;Mn,,;]O, between 0V and 4V at a
current rate of 0.5C (1C=127mAhg™")) using the PG electrolyte
was investigated via SEM. The irregular and cracked Na lumps
with size distribution from 100nm to 600nm are observed on
AC (Fig. 2e), while the relatively uniform and small Na pieces
with size distribution from 100 nm to 200 nm are formed on GC
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Fig. 2 | Current collectors and morphologies of Na plating and stripping. a,b, SEM images of AC (a) and GC (b). The insets show the enlarged SEM
images. ¢,d, TEM image of AC (¢) and GC (d). e f, SEM images of Na deposition in the AFNBs using PG plus AC (e) and GC (f) after ten cycles. The insets
show the digital images of Na deposition. g,h, SEM images of Na stripping in the AFNBs using PG plus AC (g) and GC (h) after ten cycles.

(Fig. 2f). The different microscopical textures further affect the
macroscopical features shown in the left bottom insets, where the
deposited Na on GC shines more and is more compact than that
on AC. Further stripping tests reveal that a thick coverage disturbs
the intrinsic morphology of AC (Fig. 2g), suggesting a copious SEI
or dead Na formation. On the contrary, there is almost no change
of GC with a clear rod structure, indicating a thin SEI and less
dead Na formation (Fig. 2h). Thus it can be concluded that Na
deposition and stripping is better on GC, owing to the favour-
able nucleation (high uniformity), porous structure (large specific
surface area contributes to a low actual current density) and good
electron transportation (high reaction reversibility with less dead
Na) of GC. The bottom-up Na deposition is strongly affected by
the current collector, where the uniform and small Na blocks can
reduce the cracks to form a smooth Na layer, as depicted in Fig. 1
and Supplementary Fig. 6.

Building robust SEIl and CEl interfaces

Note that even when GC was employed, few cracks still appeared on
the surface of the deposited Na. This means that electrolytes must
be designed to enable the formation of both robust SEI and CEI so
that the crack formation during long cycling can be prevented from
Na deposition. NaBF, has been reported to be a potential electrolyte
component;'*"*' however, due to its limited solubility, we therefore
envisage that it can be utilized as an additive. In this study, we use
BPG to replace the PG used in the above experiments.

We found that while both PG and BPG show a stable electro-
chemical window up to 4.5V versus Na*/Na in the linear sweep
voltammetry (LSV) curves, BPG has a slightly higher oxidation sta-
bility than that of PG (Supplementary Fig. 7). Moreover, BPG has a
better wettability on the separator than PG (Supplementary Fig. 8).
The Tafel plot of BPG shows a higher exchange current than that of
PG (0.087mA cm™ versus 0.038 mA cm~?) based on the extrapola-
tion procedure (Supplementary Fig. 9), indicating the introduction
of NaBF, can facilitate the charge transfer. The Na||Na symmetric
cells with BPG also show a lower voltage polarization than that with
PG (Supplementary Fig. 10). More importantly, the Na deposition
in real AFNBs with GC and BPG presents a very smooth and com-
pact morphology in Fig. 3a. The small Na blocks look to be spliced
together and there is no crack on the surface. Replacing GC with
AC, the interface healing phenomenon can still be observed with
the addition of NaBF, (Supplementary Fig. 11), implying NaBF,
plays a key role in the electrode/electrolyte interface.
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To interpret the role of NaBF, in building the SEI/CEI layers, the
frontier molecular orbital energies (Fig. 3b), including lowest unoc-
cupied molecular orbital (LUMO) energies and highest occupied
molecular orbital (HOMO) energies, were calculated to clarify the
thermodynamic potential of NaBF, in the electrolyte. It can be seen
that both LUMO and HOMO energy levels of NaBF, are higher than
those of NaPF,, indicating NaBF, will be subsequently reduced on
the anode (SEI) but preferentially oxidized on the cathode (CEI)
compared with NaPF,. More specifically, NaPF; decomposes before
NaBF, at the anode side while NaBF, decomposes before NaPF at
the cathode side to mainly form inorganic species in interphases,
where the two sequential processes are denoted as ‘Ist’ and 2nd;
as shown in Fig. 1. Diglyme has the highest LUMO and HOMO
energy level, which means it is difficult to be reduced but can be
easily oxidized to mainly form organic species in interphases.
Molecular dynamics (MD) simulations were conducted to anal-
yse the change of solvation structures after the addition of NaBF,.
In Supplementary Figs. 12 and 13, MD simulation snapshots and
typical coordination structures of PG and BPG show that the PG
or BPG electrolyte contains many free diglyme molecules and PF,~/
BF,” anions considering the high solvent-to-salt ratio of ~7 (ref. **).
Both PF;~ and BF,” can enter into the first solvation layer of Na*
in BPG, which significantly participates in interphase formation.
According to the P-O and B-O radical distribution functions from
MD simulations, the peak of B-O in BPG clearly appears at a shorter
distance than that of P-O in PG (Supplementary Fig. 14), suggesting
a preferential combination between B and O species.

To confirm the above calculations, XPS (P 2s/B 1s spectra)
depth profiling results (Supplementary Figs. 15 and 16) with dif-
ferent sputtering time show that the outermost layer of SEI in PG
has P-O-F and P-F species but there is a strong signal related to the
B-O species in BPG. Although similar organic-inorganic hybrid
SEI structures are formed in PG and BPG, the SEI of BPG is obvi-
ously thinner than that of PG from the rapid growth of the Na sig-
nal during sputtering. Concerning inner layers, few P-O species are
present in PG while B-O species are still rich in BPG. Fourier trans-
form infrared spectroscopy (FTIR) results (Supplementary Fig. 17)
identify the existence of B-O species as well.

Further investigations about the three-dimensional distribution
of passivation products are based on time-of-flight secondary-ion
mass spectrometry (ToF-SIMS) analyses with deeper detection in
Fig. 3c. It was surprisingly found that the SEI of B-containing spe-
cies present a two-dimensional distribution along the z axis, while
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Fig. 3 | Selection and assessment of electrolytes and SEI/CEl films. a, SEM images of Na deposition in the AFNBs using GC and BPG after ten cycles. The
inset shows the related digital image. b, Molecular orbital energies of NaPF,, NaBF, and diglyme, including lowest unoccupied molecular orbital (LUMO)
energies and highest occupied molecular orbital (HOMO) energies. Colours for different atoms: white for H, purple for Na, grey for C, red for O, lilac for P,
green for F and pink for B. Colours for electron density contours: deep red for positive and blue for negative. ¢, TOF-SIMS three-dimensional views of the
SEI film of Na in BPG; the two three-dimensional views are for B* and P~ secondary ions. d, Annular bright field cryo-STEM image of Na in BPG after ten
cycles. e, High-resolution TEM images of SEI film on GC after Na stripping (ten cycles). The circle in the middle indicates formation of a few nanocrystals.
f, TOF-SIMS three-dimensional views of the CEl film of the cathode in BPG after ten cycles. Different distributions of B+ and P- secondary ions are shown.
g, High-resolution TEM image of cathode and CEl film in BPG after ten cycles. The white dashed line denotes the thin CEl film. h, The amount of transition

metal (Fe and Ni) deposited on the cycled Na anode in PG and BPG (ten cycles) from XPS results (Fe 2p and Ni 2p).

P-containing species demonstrate a dense and three-dimensional
distribution in BPG. It was believed that these sheet-like B-O spe-
cies play a role in repairing the cracks along the x-y axis, as depicted
in Fig. 1. The thin SEI with a thickness of ~10 nm (Fig. 3d) on depos-
ited Na in BPG was investigated via cryogenic scanning transmis-
sion electron microscopy (cryo-STEM) at 100 K. Energy-dispersive
X-ray spectrometer results (Supplementary Fig. 18) show that the B
element signal is weaker than that of P element, indicating a small
B ratio in SEI. High-resolution cryo-STEM images (Fig. 3e and
Supplementary Fig. 19) show amorphous SEI structure with little
NaF or Na,CO, nanocrystals. Actually, the inorganic B-O species,
usually as a component of glass, tend to have a poor crystallinity
with potential uniform ion flux and favourable flexibility.

As for the CEI on the cathode surface, XPS analyses
(Supplementary Figs. 20 and 21) show that B-O and B-O-F spe-
cies appear with NaBF, addition. Moreover, ToF-SIMS results
(Fig. 3f) of CEI in BPG show that B-containing species present a
three-dimensional distribution along the z axis in the inner layer
of CEI but there are few P-containing species in the outer layer of
CEL Thus, CEI is obviously different from the SEI as depicted in
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Fig. 1, which is induced by the different reaction sequence of NaBF,
on the cathode and anode side. A high-resolution TEM image (Fig.
3g) of the cathode in BPG demonstrates a uniform and amorphous
CEI film with the thickness of ~3 nm. Even though CEI is very thin,
it can affect SEI and even Na deposition via a crossover reaction
of transition metal ions. As demonstrated by XPS analysis of the
SEI, the dissolution of Ni and Fe species are significantly suppressed
after introduction of NaBF, (Fig. 3h). Thus, the cathode side tends
to produce a thin and robust passivation layer on its surface in
BPG*, which can effectively protect the structural integrity of cath-
ode materials and prevent the side reactions with the electrolyte.

Cooperative interfaces inhibit dead Na formation

To determine the origin of the highly reversible Na deposition and
the roles of the built cooperative interfaces, we carried out several
in situ and ex situ tests for the AFNBs with different current collec-
tors and electrolytes. The Na platting processes were first recorded
via in situ optical microscopic analysis in the coin-type AFNBs with
open configuration. For the AFNB with AC and PG, lump-like Na
deposition initially occurs at a certain position and rapidly spreads
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Fig. 4 | Performance and mechanism of cooperative interfaces. a,c, In situ optical microscopic observation of Na plating in the AFNBs using AC plus PG (a)
and GC plus BPG (c). b,d, SEM images of Na deposition in the coin-type AFNBs using AC plus PG (b) and GC plus BPG (d) and after 20 cycles. e f, In situ
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h,i, Ex situ electrochemical impedance spectra curves of the AFNBs in a fully charged state (h) and fully discharged state (i). The inset shows related

dependence of R g and R,

along a three-dimensional direction (Fig. 4a). The huge volume
expansion induces non-uniformity and fracture of SEI, disturbing
the distribution of local current density on the Na surface, thus,
the uneven Na plating generates Na dendrites with a bush-like
structure (Fig. 4b). Instead, for the AFNB with GC and BPG, Na
gradually spreads out across GC surface via a two-dimensional
deposition (Fig. 4c), resulting in flat and densely packed Na domains
(Fig. 4d). Atomic force microscopy further confirms the smaller
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roughness of Na formed in GC and BPG (Supplementary Fig. 22),
and its SEI has larger elasticity (nano-mechanical property analyses
in Supplementary Fig. 23).0

In Fig. 4e,f, in situ X-ray diffraction (XRD) was measured to
detect the structural evolution of Na in sealed-type AFNBs. During
the charging process, the emerging peaks located at about 29° in
both systems were assigned to the (110) plane of Na metal. However,
the peak intensity of the maximum Na deposition using AC and PG
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is weaker, probably indicating a crystallinity difference between the
two systems. More importantly, there is a residual Na signal using
AC and PG at the end of discharging process, but the Na (110) peak
completely disappears using GC and BPG, illustrating the highly
reversible Na plating and stripping. The sectional SEM images fur-
ther show that the deposited Na from the AFNB using AC and PG
has a higher porosity and larger thickness in Supplementary Fig.
24, suggesting more inactive Na (‘dead Na’) are generated during
cycling. To quantitatively determine the ‘dead Na’ in these two sys-
tems, H,O titration with gas chromatography was performed, where
the GC and BPG system has obviously less H, escape (Fig. 4g), indi-
cating little ‘dead Na’ was generated during cycling*. The electro-
chemical impedance spectra (EIS) of the AFNBs are shown in Fig.
4h,i. The high-frequency semicircle represents the charge transfer
impedance (R,), and the semicircle in low frequency corresponds
with the interface impedance about SEI and CEI films (Rg,cp). An
equivalent circuit diagram for EIS plots is shown in Supplementary
Fig. 25. Regardless of charged or discharged state, the resistances
of charge transfer and Na* diffusion across the interfaces are much
lower using GC and BPG. Therefore, the results further proved that
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the cooperative interfaces induced by GC and BPG are able to sup-
press dead Na formation and facilitate Na* diffusion, benefitting the
uniform plating and reversible stripping of Na during cycling, as
shown in Fig. 1.

Electrochemical performances and safety assessment

To evaluate the effect of cooperative interfaces in more realistic
conditions, AFNBs (AC||Na[Cu, ,Ni,,Fe,;;Mn,;]O, and GC||Na[C
u,,,Niy.Fe; ;Mn, ;]O,) were assembled, and corresponding electro-
chemical performances were measured. A NIB based on a carbon
anode (C||Na[Cu,,,Ni,,Fe,;;Mn,;]O,) and a NMB (Na||Na[Cu,,,Ni,
sFesMn, ;]0,) are also prepared to make a comparison.

In their initial charge process, the nucleation preferentially
occurs with the characteristics of the sharp peaks in Fig. 5a. The
nucleation overpotential increases in the order of GC +BPG-based
AFNB < AC + PG-based AFNB < NMB, indicating the modification
of electrolytes and current collectors enables a favourable nucle-
ation. In the discharge process, the discharge capacity increases
in the order of NIB (120mAhg™)<AC+PG-based AFNB
(125mAhg™) <GC+BPG-based AFNB (130mAhg™)<NMB
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Fig. 6 | Electrochemical performances and safety assessment of proposed Na batteries with cooperative interfaces. a, Cyclic capability of the AFNBs
(single-layer pouch cell) using GC and BPG with different cut-off voltages at a current rate of 0.5C. b, DSC curves of the deposited Na, including current
collectors from the 30 mAh level single-layer AFNBs (the orange bar is the DSC exothermic peak at the Li-Al reaction). ¢, The AFNB (single-layer pouch
cell) using GC and BPG with fully charged state lighting a bulb after bending deformation and further nail penetration. d, Galvanostatic third discharge/
charge curves of the AFNBs (cylindrical cell) using GC plus BPG with different cut-off voltages at a current rate of 0.5 A. The inset shows a picture of the
1Ah level anode-free cylindrical cell with >200 Whkg™" energy density. e, Cyclic capability of the AFNB (cylindrical cell) using GC and BPG at a current
rate of 0.5A. The inset shows a picture of the deposited Na anode collected from the AFNB (cylindrical cell) using GC and BPG. The areal capacity of coin
cells or pouch cells is ~2 mAh cm=2 while that of cylindrical cells is ~3 mAhcm=2

(186 mAhg™). The abnormal discharge capacity of NMB origi-
nates from the electrolyte reduction to form copious CEI and/
or extra electrolyte decomposition, which suffers a rapid decay
(Supplementary Figs. 26-28). Thus, the AFNBs without an extra
Na source are similar to NIBs, which can be discharged to 0V to
facilitate safe transportation and large-scale battery management.
Moreover, the initial Columbic efficiency and average discharge
voltage of GC+BPG-based AFNB (~92%; 3.05V) are higher than
that of AC+PG-based AFNB (~88%; 2.85V) and NIB (~83%;
2.96V). In Fig. 5b, the cycling tests of two AFNBs were also per-
formed, and the capacity retention of GC+BPG-based AFNB is
82% after 200 cycles but that of AC+PG-based AFNB is only 61%
after 100 cycles with unstable CEs. Considering the low oxidative
resistance of the ether electrolyte, the cycling lifetime of AFNBs can
be further extended to over 260 cycles (capacity retention: 84%)
through selecting a reasonable upper cut-off voltage of 3.8V (only
11% capacity loss in Fig. 5¢) in Fig. 5d.

Furthermore, we assembled 30mAh single-layer pouch cells
based on GC and BPG. It can be seen that their cycling stabilities
are similar to that of coin cells in Fig. 6a, indicating that increas-
ing the amount of deposited Na will not reduce the performance
of AFNB. The thermal feature of fully charged AFNB pouch cells
are further evaluated by a differential scanning calorimeter (DSC).
It is found that deposited Na metals in both AFNBs display endo-
thermic peaks only where the GC+BPG-based AFNB has a higher
initial endothermic temperature (101.3°C versus 97.7°C of pure
Na metal) in Fig. 6b, suggesting the smooth morphology of depos-
ited Na induced by cooperative interfaces can enhance the thermal
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stability of AFNB'“*. More importantly, compared with the
Li-based anode-free batteries, Na will not react with Al to produce
an exothermic peak (but internal shortage may occur if melted Na
diffuses into the cathode side at high temperature®). Besides, AFNB
pouch cells are able to pass through abusive tests, including bending
deformation and nail penetration, delivering a stable current to light
up the blue light-emitting diode without fire in Fig. 6c¢.

To further explore the practical application of AFNBs, an Ah-level
anode-free cylindrical cell based on GC and BPG (lean electrolyte)
was fabricated. Very high energy densities (calculated based on
all cell components) of 180 Whkg™" (0.91 Ah) in the voltage range
of 2-3.8V and 205Whg™ (1.03 Ah) in 2-4V were obtained (Fig.
6d), which rivals the energy density of a typical LFP/graphite LIB.
Besides, it can support very stable long cycling (capacity retention:
80% in 2-3.8V after 260 cycles) at a moderate rate (0.5 A) in Fig. 6e.
From the inset, a deposited Na anode collected from the cylindrical
cell after 30 cycles shows a smooth and shiny surface, relating to the
high average CE. Furthermore, the in situ deposited Na foil can even
act as the fresh ultra-thin Na anode (metallic Na extraction technol-
ogy) in other NMB:s.

Conclusions

In summary, AFNBs with cooperative interfaces were fabricated
through interfacial engineering strategy by adopting a BPG elec-
trolyte, GC current collector and layered oxide cathode. Smooth Na
deposition was achieved based on the small and uniform Na nucle-
ation on GC. Robust SEI and CEI were also built. It is revealed from
advanced characterization techniques and MD simulations that due
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to the special solvation configuration of BPG, B-O species pres-
ent a two-dimensional distribution in the outer layer of SEI but a
three-dimensional distribution in the inner layer of CEI This effec-
tively suppresses the formation of dead Na or Na dendrite, repairs
formed cracks during Na plating and stripping, protects the struc-
tural integrity of the cathode and prevents side reactions with the
electrolyte. The assembled Ah-level AFNBs with high safety deliver
an energy density over 200 Whkg™', which is very cost effective given
the employment of the Co, V-free layered oxide cathode, the lean
non-concentrated electrolyte, the thin-coating current collector and
the dry room production. Moreover, benefitting from the built coop-
erative interphases, the cycle life of AFNBs is prolonged to be over
260 cycles without extra stack pressure or high operation tempera-
ture. The current bottlenecks of AFNBs are low energy density and
limited cycling stability under practical conditions. In this regard, by
demonstrating a high-voltage region application with a lean ether
electrolyte, this work provides a prototype cell solution towards
high-performance Na batteries. Our ideas of rational interface
design are expected to stimulate further optimization of cell com-
ponents, facilitating large-scale utilization of AFNBs in the future.

Methods

Materials preparation. The AC- and GC-coated Al is prepared by the coating
machine. Firstly, the carbon black (BLUEGLOWNANO) and carbon fibre (The
First Element Nanotech) are dispersed into 1-Methyl-2-pyrrolidone (NMP) using
polyvinylpyrrolidone (PVP) and polyvinylidene fluoride (PVDF) as binders
(mass ratio of carbon:PVP:PVDF:NMP =4:1:1:94). Then, the extrusion-coating
technology on Al foil is implemented followed by baking and rolling processes.
During the coating process, the baking temperature is at ambient temperature
(~25°C). The rolling pressure is 5-10 ton. The final mass loadings of both AC and
GC coatings are ~0.4mgcm~ but the thickness of the AC coating (~4 pm) is lower
than that of the GC coating (~8 pm) and the porosity of the AC coating (~47%) is
lower than that of the GC coating (~78%).

The layered O3-type Na[Cu, ,Ni,,Fe ;;Mn,,;]O, cathode materials were
synthesized by high-temperature calcination according to the early report™. The
composition of the cathode (total mass loading: ~16 mgcm™) slurry was 94.5wt%
active materials, 2.5wt% Super P and 3 wt% PVDE. The mass loading of only active
cathode materials is ~15mgcm™. The electrode slurries were casted on Al foil
followed by a drying process under vacuum. The electrolytes, including PG and
BPG, used for the cells are x M (moll~') NaPF; (Kishida Chemical, 99%) or NaBF,
(ALADDIN, 99.9% metals basis) dissolved in diglyme (Sigma-Aldrich, 99.5%)
without any functional additives. All the electrolytes were prepared and dried using
molecular sieves (4A) in a glove box under high-purity argon gas.

Electrochemical measurements. Coin cells (CR2032) were assembled in an
argon-filled glove box. The amount of electrolyte used for a coin cell is 50 pl.
Glass fibre (Whatman GF/A) plus Celgard 3501 membrane was utilized as the
separator. The matched anode in Na-ion full cell and Na metal half cell using

PG as an electrolyte is disordered carbon materials (HiNa, P/N ratio for the
Na-ion full cell is 1:1.05, and the loading mass is ~6.5 mgcm™) and Na metal
(Alfa), respectively. The current collectors were used in AFNBs. The single-layer
pouch cells and 13,650-type cylindrical cell were assembled in a dry room using
Na[Cu, ,Ni,,Fe, ;Mn,,;]O, as the cathode and AC or GC foil as the anode, Celgard
3501 membrane as the separator, PG or BPG as electrolyte (2g Ah™") and Al-
plastic film as packaging. The operation temperature of the cells for in situ optical
and XRD tests is ambient temperature (~25°C) but that of other cells is 25°C
controlled by oven thermostats. The charge and discharge tests of full cells were
performed on the Land battery test systems (CT3001A or CT2001A) or Neware
battery test system (CT-4008). LSV measurements and Tafel plots were obtained
on a CHI 600E electrochemical workstation (0.1 mV s™!). LSV measurements were
obtained from the Na||stainless steel cells using a PG or BPG electrolyte between
the open circuit voltage of these cells (~2.7 V) and 6.5V at a scan rate of 0.1 mV s~
Tafel plots were obtained from the symmetric Na||Na cells using a PG or BPG
electrolyte between —0.2V and 0.2V at a scan rate of 0.1 mV s~". EIS was recorded
in a frequency range from 10 mHz to 10°kHz (IM6e Zahner electrochemical
workstation). Ex situ EIS curves of the AFNBs (cell type: coin cell) with fully
charged state and fully discharged state, which correspond to the 1st cycle between
0Vand 4V at a current rate of 0.5C (1C=127mAhg™) at 25°C.

Characterizations. The morphologies of the samples were investigated by SEM
(Hitachi-S$4800) and TEM (FEI Tecnai G2 F20). All cryo-TEM characterizations
were carried out using a JEOL JEM-F200 microscope with a cryo transfer holder
(Fischione, model 2550) under cryogenic temperatures (100K) at 200kV. The
structures of the samples were investigated by Raman spectra using a LabRAM
JY-HR 800 spectrometer with a 532 nm laser. The electronic conductivity values
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were obtained from a four-point-probe conductivity metre (MCP-PD51). An
automatic contact angle measuring instrument (DSA30S) was used to test the
wettability. The surface chemical state was determined by XPS using a PHI 5000
VersaProbe III instrument (Scanning ESCA Microprobe) with Al Ka X-ray source,
15kV X-ray beam (analysis area: 200 um X 200 um) and Ar* etching (sputtering
rate: 3.9nmmin~' for SiO,). All spectra were calibrated with the Cls photoemission
peak at 284.8 eV to correct for the charging effect. FTIR was performed by a
Bruker VERTEX 80V spectrophotometer in attenuated total reflection mode (not
transmission mode) in a glove box. TOF-SIMS analysis was conducted with a PHI
nanoTOF II spectrometer with a 30keV Bi,** acquisition ion beam and a 1 kV Ar*
sputtering ion beam for electrodes, respectively. During depth profiling, the typical
acquisition area was 100 um X 100 um (positive mode) or 60 pm X 60 um (negative
mode) and centred within the Ar* 500 um X 500 pm sputtered area (sputtering rate:
3nmmin~! for SiO,). To determine the amount of ‘dead Na, 0.5 ml of H,0 was
injected into the container to react with a stripped sample completely for 2 h, when
no bubbles were visible. The H, concentration was measured by a Shimadzu Nexis
GC-2030 system equipped with a barrier ionization discharge detector. A gas-tight
syringe was used to transfer 50 ul of the resultant gas from the container into the
gas chromatography system. DSC were employed via a NETZSCH STA 449F3
thermal analyser from room temperature to 500 °C at a heating rate of 10°C min™
under argon flow. For the ex situ measurements, the electrodes disassembled from
the coin cells at different states of charge and discharge in an argon-filled glove box
were washed in 1,2-Dimethoxyethane repeatedly followed by a drying processing
in an argon-filled transferred tube (or air-free setup). In situ optical microscopic
observation was carried out in a glove box at ambient temperature in a dark field,
using metallographic microscope (LEICA, DM6) with a charge coupled device
(CCD) camera in combine with a Land 2001A battery testing system (charging to
4V at a current rate of 1 C at ambient temperature), as shown in Supplementary
Fig. 29. In situ XRD measurements were carried out on a Bruker D8 Advance
diffractometer equipped with a Cu Ka radiation (A=1.54 A) in combination

with a Land 2001A battery testing system. A specially designed Swagelok cell
equipped with an X-ray-transparent aluminium window was used for the in situ
measurements, as shown in Supplementary Fig. 30. The in situ XRD patterns were
collected with an interval of 30 min on charge and discharge at a current rate of
0.1C between 0-4V at ambient temperature.

Calculations. The molecular orbital energies of NaPF,, NaBF, and diglyme were
calculated using Gaussian 09 package towards NaPF,, NaBF, and diglyme. The
density functional theory of B3LYP and a basis set of 6-31 G(d) was employed to
optimize the geometry structure of molecules and a basis set of 6-311+G (d, p)
was used to calculate the single point energy based on the polarizable continuum
model. For the LUMO and HOMO calculations of NaPF and NaBF,, the solvent
environment of diglyme was considered. The influence from the dielectric effect
of diglyme (dielectric constant: 7.4) was investigated through the solvation model
based on density.

For MD calculations, two electrolyte models were constructed to model the
PG and BPG electrolytes. The PG electrolyte model contains 60 PF,", 60 Na*
and 423 diglyme molecules. The BPG electrolyte model contains 54 PF~, 60
Na*, 6 BF,~ and 423 diglyme molecules. The molecular dynamics simulations
were conducted in the Forcite module in Materials Studio of Accelrys Inc. A
condensed-phase optimized molecular potentials for atomistic simulation
studies (COMPASS II) force field was chosen for all the molecular dynamics
simulations. Besides, the time step was fixed to be 1 fs. The electrolyte systems
were equilibrated in the isothermal-isobaric ensemble (constant-pressure and
constant-temperature, NPT) using the Berendsen barostat to maintain the
pressure of 0.1 GPa with a decay constant of 0.1 ps for 2ns. The temperature
was set to be 298 K with a velocity scale thermostat. Then, the production
runs of 8 ns were obtained in the canonical ensemble (constant-volume and
constant-temperature, NVT) at 298 K. The simulation time was long enough to
ensure reaching the equilibrium states of the electrolyte systems. Besides, the time
step was fixed to be 1.5fs to reduce waiting time.

Data availability
The data supporting the findings of this study are available within the article and its
Supplementary Information files.
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