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Nano-SiO, coating enabled uniform Na stripping/
plating for dendrite-free and long-life sodium
metal batteriest
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Metallic sodium, which has a suitable redox potential and high theoretical capacity, is regarded as an ideal
anode material for rechargeable Na metal batteries. However, dendrite growth on sodium metal during
cycling has seriously restricted its practical applications. Herein, we employed a low-cost and facile
brushing method to fabricate a porous nano-SiO, coating, which can induce a relatively uniform
distribution of Na* flux and suppress the growth of Na dendrites. The nano-SiO, coating with high

porosity can decrease the Na stripping/plating overpotential (<50 mV) over 400 cycles at 5 mA cm™=.
Moreover, when coupled with a NazV,(PO4)s (NVP) cathode, the Na with SiO, coating (Na@SiO,)
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composite anode shows a favorable suitability in a full cell. Compared with the one with a bare Na
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Introduction

Nowadays, as fossil fuel-related energy is consumed excessively
and environmental awareness boosts, the demand for alterna-
tive clean energy is becoming more and more urgent.** Over the
past few decades, rechargeable lithium-ion batteries (LIBs) have
dominated portable electronics, medical microelectronics, and
electric vehicles (EVs) as one of the most promising energy
storage systems.”” However, with the increasing demand for
LIBs and shortage of lithium resources, the cost of lithium raw
materials has increased rapidly.**** Therefore, researching and
exploring substitutes for LIBs has become one of the significant
directions in the development of rechargeable batteries."*®
Because of the abundant reserves, low cost, and suitable elec-
trochemical potential of Na, rechargeable Na batteries have
received widespread attention and are regarded as the most
promising substitute to LIBs.'*** However, some serious prob-
lems have hampered the practical application of rechargeable
Na batteries.?! The charge and Na* distribution on the surface of
sodium metal are non-uniform during continuous charge-
discharge cycling, resulting in the formation of sodium

“School of Environment and Materials Engineering, Yantai University, Yantai,
Shandong 264005, China. E-mail: jianchaoabc@163.com; sxq@ytu.edu.cn

’Key Laboratory of Marine Bioactive Substances and Analytical Technology, Marine
Ecology Center, First Institute of Oceanography, Ministry of Natural Resources
(MNR), Qingdao, Shandong 266061, China

‘Key Laboratory of Advanced Energy Materials Chemistry (Ministry of Education),
College of Chemistry, Nankai University, Tianjin 300071, China

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c9na00658c

This journal is © The Royal Society of Chemistry 2019

anode, the full cell with the Na@SiO, anode delivers a 27.8% higher discharge capacity (94.6 vs.
74 mA h g! at 1C) after 1000 cycles.

dendrites.”»** The dendrites not only affect the capacity and life
of batteries, but cause safety problems such as short-circuits
and explosions, hindering the practical application of sodium
metal batteries (SMBs).>*** Therefore, solving the problem of Na
metal dendrites generated during charge-discharge cycling is
the key to improving the cycling stability and accelerating the
commercial application of Na metal anodes.*®

Recently, many methods have been adopted to restrain
dendritic Na formation, including (1) the stabilization of the SEI
layer by electrolyte modification;> (2) engineering artificial
SEI layers by surface modification;**** and (3) engineering
nanostructured current collectors and hosts by artificial
manufacture.**>* For instance, Wang and co-workers designed
potassium  bis(trifluoromethylsulfonyl)-imide  (KTFSI) as
a bifunctional electrolyte additive to stabilize the Na metal
electrode.® In the work reported by Sun's group, an ultrathin
protective coating was constructed as a protective layer on a Na
metal anode through the ALD technique.?* Luo’ group stabilized
Na metal anodes by employing a porous Al current collector as
the plating substrate.”” Hu and co-workers manufactured
a stable Na-carbonized wood composite anode as a 3D host for
Na metal.*® These strategies provide insights for Na metal
protection and achieve excellent electrochemical performance.
Unfortunately, the expensive and complex preparation process
poses substantial obstacles to the practical application of these
strategies. Recently, Chen and Kang's group have designed
nano-Super P and nano-CaCO; coatings respectively, which
restrain the growth of Li and Zn dendrites.***° Inspired by this,
we explored a low-cost, simple, safe and scalable strategy to
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inhibit the growth of non-uniform dendrites in the Na metal
anode.

Herein, we report a simple method to construct a porous
nano-SiO, coating as an auxiliary layer for inhibiting the growth
of Na dendrites. We found that the nano-SiO, coating with
a high porosity can be easily permeated by electrolyte.
Compared with the bare Na anode (Fig. 1a), the Na anode with
the SiO, coating induces a relatively uniform distribution of Na*
flux (Fig. 1b).

The SiO, coating on the surface of Na acted as an electrolyte
transport channel (like pores in water-permeable bricks),
effectively dispersing Na® flux and achieving the purpose of
suppressing dendrites. Consequently, the Na@SiO, composite
electrode used in symmetrical cells exhibited excellent cycling
stability with significantly reduced polarization. Furthermore,
Na dendrites were found to be absent in the Na@SiO, electrode
even at a current density of 5 mA ecm ™2 after 100 cycles. More-
over, we also tested a Na metal electrode with Super P coating,
clearly finding that insulation coating (SiO,) has advantages
over conductive coating (Super P). Finally, we successfully
constructed a full cell with an NVP cathode and a Na@SiO,
anode, proving the benefits of this coating strategy for potential
applications.

Experimental
Fabrication of Na@SiO, and Na@Super P electrodes

Firstly, a certain amount of nano SiO, or Super P was dried in
avacuum oven at 60 °C for 10 hours. Then, a Na disk (12 mm in
diameter, 0.3 mm in thickness) was evenly coated with a SiO, or
Super P layer (~100 pm) via brushing and rolling in an Ar-filled
glovebox, and the mass loading of the layer is about 4.4 mg
cm >,

Structural characterization

A scanning electron microscope (SEM, JSM-7610F) with an EDX
attachment was used for obtaining SEM images and the corre-
sponding EDX mapping images. For observing the morphology
of electrodes after cycling, batteries were first disassembled in
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Fig. 1 Schematic illustrations of the Na stripping/plating behavior on (a) bare and (b) nano SiO, coated Na electrodes.
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a glovebox and then the electrodes were rinsed with diglyme to
remove residual Na salts. XRD patterns were obtained using
a Rigaku D/MAX 2500/PC diffractometer with Cu Ka radiation (4
= 0.154 nm). Noticeably, the Na samples for SEM tests were
loaded in a sealing device and covered with Kapton tape to avoid
direct contact with air.

Electrochemical measurements

To investigate the electrochemical properties of Na stripping/
plating, symmetrical 2032-type coin cells were assembled with
two identical electrodes, which were either Na@SiO, or bare Na
electrodes. For the preparation of the NVP cathode, NVP powder
was mixed with carbon black and polyvinylidene fluoride
(weight ratio of 8:1:1) using N-methyl-2-pyrrolidone as the
solvent. The mass loading of the NVP cathode is about 1 mg.
The electrolyte solution was 1 M sodium hexafluorophosphate
(NaPF) in diglyme. All batteries were assembled in an argon-
filled glovebox using the same dose of electrolyte (50 uL), and
Celgard membrane was used as the separator. The batteries
were first left to stand for four hours to stabilize the interface
before tests. Galvanostatic cycling was carried out on a standard
battery tester (Neware CT-4008-5 V/10 mA). EIS and CV were
conducted on an electrochemical workstation. CV was per-
formed in the potential window from 2.5 to 3.8 V at a scan rate

of 0.1 mv s

Results and discussion

We employed a low-cost and facile brushing method to fabricate
the Na@SiO, composite electrode. The hydrophobic SiO, used
in this experiment is amorphous and the particle size is about
15 nm (Fig. S17). Fig. 2a shows an optical photo and SEM image
of a bare Na electrode, revealing a smooth, flat and shiny
metallic surface. After brushing the nano SiO,, the surface of Na
was evenly coated with a white layer of spherical nano-SiO,
particles (inset in Fig. 2b). Clearly, the fresh nano-SiO, coating
is highly porous (Fig. 2b), which promotes electrolyte diffusion
and ion migration in nano-channel pores.***** Due to the high
viscosity of Na, the nano-SiO, particles are tightly attached to

@ Nano-siO,

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The characterization of Na and Na@SiO, electrodes. (a) Top-
view SEM image of a bare Na electrode and the corresponding digital
image (inset). (b) Top-view SEM image of the Na@SiO, electrode, and
the corresponding top and side view digital images (insets). (c) Cross-
sectional SEM image of the Na@SiO, electrode and the corresponding
EDX elemental mapping images of Si and Na (insets).

the metal surface and will not fall off when the Na@SiO, elec-
trode is inverted with tweezers (insets in Fig. 2b). As shown in
Fig. 2c, the thickness of the nano-SiO, coating is about 100 pm,
which can be confirmed by EDX elemental mapping.

To assess the electrochemical performance of the Na@SiO,
electrode, symmetric cells with two identical Na@sSiO, elec-
trodes were assembled in 1 M NaPF¢/diglyme electrolyte. For
comparison, symmetric cells with two identical bare Na elec-
trodes (thickness of ~300 um) were assembled.

Fig. 3a shows the galvanostatic cycling performance of
symmetric cells with Na@SiO, (yellow lines) and bare Na elec-
trodes (green lines), respectively, for 400 cycles with a capacity
of tmAhcm ?at1,3and 5 mA cm™ > The symmetric cell with
Na@SiO, electrodes exhibited stable voltage profiles and much
lower hysteresis (5 mV) than the one with bare Na electrodes at 1
mA cm 2. The bare Na electrode displayed a gradual increase in
hysteresis (>25 mV), where the overpotential increases first, and
then irregularly fluctuates, indicating a micro-short circuit.*
When the current density was increased to 3 mA cm 2, the
Na@SiO, electrode still exhibited a small overpotential (15 mV)
and very stable voltage profiles. In comparison, the symmetric
cells with bare Na electrodes showed an anomalistic and
apparently fluctuating voltage (>140 mV). As the current density
was further increased to 5 mA cm™ 2, the symmetrical cell with
the bare Na electrode had large voltage polarization (>180 mV)
and obviously poor stability, which is due to the uneven plating/
stripping of Na metal, leading to the formation of dendrites. In
contrast, the cell with the Na@SiO, electrode not only exhibited
a much lower polarization (50 mV) but also realized very stable
cycling under the same conditions. Furthermore, the rate
behavior of the symmetric cells with bare Na and Na@SiO,
electrodes is presented in Fig. 3b. As the current density
increased from 0.5 to 10 mA cm >, the voltage polarization of
the bare Na electrode increased greatly and tended to be
unstable, which was attributed to irregular growth of Na
dendrites on the electrode surface. Unfortunately, when the
current density returned to 0.5 mA cm™ 2, the battery no longer
returned to its previous state, indicating poor cycling stability.
In contrast, the cell using the Na@SiO, electrode continued to
cycle steadily to 10 mA cm 2. It is worth mentioning that when
the current density returned to 0.5 mA cm 2, the voltage profile
was as stable as it was initially. To further demonstrate the
superiority of the Na@SiO, electrode, higher capacity cycling of
the symmetrical cell was performed and the results are

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Electrochemical performance of the Na@SiO, electrode. (a)
Comparison of cycling stability of bare Na (green) and Na@SiO,
electrodes (orange) in symmetrical cells at current densities of 1, 3 and
5 mA cm™2 with a capacity of 1 mA h cm™2. (b) Rate performance. (c)
EIS plots of bare Na (left) and Na@SiO, electrodes (right) in symmet-
rical cells after different cycles at a current density of 1 mA cm~2 with
a capacity of 1 mA h cm™2.

presented in Fig. S2.T The result demonstrated that the stability
of the Na@SiO, electrode is significantly improved in virtue of
the nano-SiO, coating, which could induce a relatively uniform
distribution of Na* flux over the entire Na surface.264>%
Moreover, electrochemical impedance spectroscopy (EIS)
was performed after 1, 30, and 50 cycles at a current density of 1
mA cm > The interfacial resistance of the SEI and surface
charge transfer impedance of the electrode were estimated
according to the diameter of the semicircle in the high
frequency range.”*** As shown in Fig. 3¢, the Nyquist plots of the
bare Na electrode show that the interface resistance increases
after cycling (19 Q in the 1st cycle, 25 Q in the 30th cycle, and 35
Q in the 50th cycle). This phenomenon is explained by the
morphological transformation of the bare Na surface, indi-
cating the occurrence of fractures in the SEI layer and the
obvious growth of Na dendrites,” which is proven in the

Nanoscale Adv., 2019, 1, 4989-4994 | 4991
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subsequent SEM images. In addition, the ontological imped-
ance of the symmetric cells with bare Na increases as the
number of cycles increases, which is due to the generation of
a large amount of non-conductive material during repeated
repair of the SEI layer process, thereby degrading the overall
conductivity of the battery.” The Na@SiO, electrode exhibited
a smaller semicircle after cycling, indicating that the charge
transfer resistance of the Na@SiO, composite electrode is much
lower than that of bare Na. This could be attributed to the fact
that the porous nano-SiO, coating induced a relatively uniform
distribution of Na* flux and a stable SEI layer was formed on the
Na metal electrode surface, thereby achieving the purpose of
suppressing the generation of Na dendrites.>

The morphological evolution of bare Na and Na@SiO, elec-
trodes after 100 cycles is shown in Fig. 4. The bare Na electrode
exhibited a rough surface with rugged and mossy Na deposition
at a current density of 1 mA em™? (Fig. 4a), which differed from
the fresh Na electrode morphology. When the current density
was increased to 3 and 5 mA cm 2, the bare Na electrode
showed an extremely inhomogeneous surface with excessive Na
dendrites and dead Na (Fig. 4b and c). The morphological
variation is mainly caused by the non-uniform Na plating/
stripping and high reaction kinetics on the surface of sodium
metal. In contrast, the morphology of the Na@SiO, electrode
retained a flat surface without any detectable protrusions
(Fig. 4d-f), which is attributed to the porous nano-SiO, coating
for homogenizing the distribution of Na* on the Na surface. The
above morphological evolution results demonstrate the role of
nano-SiO, coating in restraining Na dendritic growth.

In order to further study the deposition behavior of Na on the
Na@SiO, electrode, we further tested the Na metal electrode
with conductive Super P coating (Na@Super P). The Super P
used in this experiment is amorphous and the particle size is
about 30 nm (Fig. S371). The thickness of the Super P coating is
about 100 um (Fig. S47). The electrodes with SiO, and Super P
coatings all present small wetting angles (Fig. S5t), demon-
strating excellent electrolyte permeability. Although both the
SiO, layer and Super P layer are porous coatings, in terms of
electrochemical properties, the latter has lower cycling stability

3 mA cm? 5 mA cm

Bare Na

Na@Sio,

Fig. 4 Morphological evolution of bare Na and Na@SiO, electrodes
after cycling. SEM images of (a—c) bare Na electrodes and (d-f)
Na@SiO, electrodes after 100 stripping/plating cycles at different
current densities, respectively. The current density is marked at the top
of the figure and the stripping/plating capacity was 1 mA h cm™2,
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than the former (Fig. 5a). The symmetric cells with the
Na@Super P electrodes exhibited larger voltage hysteresis after
55 h. As shown in Fig. 5b, no Na metal was found on the surface
of the SiO, coating after 50 cycles. We further proved that
sodium metal was deposited at the bottom of the nano-SiO,
coating layer after battery cycling by a cross-sectional SEM test
(Fig. S61). However, Na metal appeared on the surface of the
Na@Super P electrodes after 50 cycles (Fig. 5¢). The surface of
the bare Na electrode is no longer flat after 100 cycles
(Fig. S7af), which is due to the formation of dendrites. The
Na@SiO, electrode is almost unchanged (Fig. S7b¥), while the
Na@Super P electrode has changed from black to a metallic
luster (Fig. S7ct). The high conductivity of the Super P layer may
weaken the position limiting ability on Na electrodeposition,
leading to preferential deposition of Na above the conductive
coating rather than below it.* In contrast, owing to its electri-
cally insulating properties, there should be a large variation of
potential across the nano-SiO, coating.>* Therefore, only the
potential close to the surface of Na was low, and it was low
enough for Na' to undergo a reduction reaction, forming
a position-selective, bottom-up Na deposition process, instead
of preferential deposition on Na protrusions/dendrite tips.**

To demonstrate the practical application of the Na@SiO,
electrode, we further assembled full cells with bare Na or
Na@SiO, as the anode and NVP as the cathode, respectively.
The XRD profiles of NVP were consistent with PDF no. 70-3613
(Fig. S8at). The SEM image indicates that the NVP particles are
cross-linked with CNTs (Fig. S8bt).

A much higher NVP capacity was obtained with the Na@SiO,
anodes during rate cycling (Fig. 6a). The NVP-Na@SiO, full cell
exhibits superior capacities of 107, 99, 93, 89, 84, 80, 78, 76, 74

o
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Fig. 5 (a) Comparison of the cycling stability of bare Na (green),
Na@SiO, (orange) and Na@Super P (gray) electrodes at a current
density of 5 mA cm™2 with a capacity of 1 mA h cm™2. Schematic
illustrations and SEM images of (b) Na@SiO, and (c) Na@Super P
electrodes after 50 stripping/plating cycles at a current density of 5 mA
cm~2 with a capacity of 1 mA h cm™2.
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Fig. 6 Electrochemical performance of the full cells with bare Na or
Na@SiO; as the anode and NVP as the cathode. (a) Rate capability of
the NVP-Na and NVP-Na@SiO, cells at different rates from 1 to 10C
(1C =118 mA g™Y). (b) CVs of the NVP cathode at 0.1 mV s* coupled
with the Na@SiO, anode. (c) Cycling stability of full cells with the bare
Na or Na@SiO, anode at 1C, respectively.

and 72.5 mA h ¢~ " with the current density increasing from 1 to
10C (1C = 118 mA g '), respectively. After 150 consecutive
cycles, a capacity of 106 mA h g ' at 1C and an excellent
coulombic efficiency of 99.4% are obtained. In contrast, the
cells with bare Na anodes offer much lower capacities of 101, 89,
83, 80, 77, 72, 67, 64, 61 and 59 mA h g~' with pronounced
instability. Fig. 6b shows the cyclic voltammograms (CVs) of the
NVP electrode, in which there are evident redox pairs at ~3.4 V.
Furthermore, when galvanostatically cycled at 1C, the battery
with the Na@SiO, anodes presented much better cycling
stability than the one with bare Na anodes. As shown in Fig. 6c,
it is observed that the cell with the Na@SiO, anode shows stable
electrochemical performance (94.6 mA h g~ ' after 1000 cycles,
a capacity retention of 86.4%, and a coulombic efficiency of
99.8%). In sharp contrast, the cell with bare Na anodes exhibi-
ted a smaller initial discharge capacity of 100 mA h g, and
only retained 74 mA h g~' after 1000 cycles with extremely
unstable coulombic efficiency. The corresponding charge/
discharge voltage—-capacity profiles at the 1st and 500th cycles
are shown in Fig. S9,T respectively. These results demonstrate
the good adaptability of the Na@SiO, anode in full cells.

Conclusions

In conclusion, we developed a low-cost and simple brushing
method to improve the stripping/plating stability of Na metal
anodes. The porous nano-SiO, coating induces a relatively
uniform distribution of Na' flux, resulting in uniform and
dendrite-free deposition of metallic sodium. High cycling
stability with low hysteresis was achieved in the Na@SiO,
electrode even at a very high current density of 5 mA cm 2.
Furthermore, the Na@SiO,|NVP full cell exhibits high cycling
stability and superior suitability, making it far better than the
full cell with bare Na as the anode. Our work provides an
alternative route for the fabrication of safe Na metal anodes,

This journal is © The Royal Society of Chemistry 2019
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which will be of great significance in the practical application of
Na metal anodes for high-energy Na-based batteries.
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