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KEYWORDS Abstract

Sodium-ion batteries; Sodium (Na)-ion batteries offer an attractive option for low cost large scale energy storage due to
Carbon ClOth} the earth abundance of Na. SnO, is considered as a high capacity anode for Na-ion batteries with a
Surface coating; theoretical capacity of 1378 mA h/g. However, several limitations, such as large volume expansion
Atorwc layer deposi- with cycling, slow kinetics and low electrical conductance, have severely limited its performance.
eI . In this article, we demonstrate an anode consisting of a SnO, nanocrystal layer grown on
Carbon coating; . . L . .

Tin dioxide hierarchical microfibers of carbon cloth (CC) with extra surface coating to addresses the above

challenges associated with SnO, anodes. The soft nature of CC and the nanocrystal structure of
SnO, layers can effectively accommodate the volume change associated with the sodiation process.
In addition, the effect from an extra coating layer of carbon (C/Sn0O,/CC) and Al,O5 (Al,053/5n0,/
CC) have been explored and the results showed that the extra coating layer can further enhance
the performance of SnO, anode. The C/Sn0,/CC core-shell structure anode achieved a 501 mA h/g
and a 144 mA h/g capacity at 0.1 C and 30 C charge/discharge rate, respectively. Meanwhile, a
375 mA h/g specific capacity after 100 deep cycles with an 80% retention is achieved by Al,05/
Sn0O,/CC anode. The designed surface-coating/nanocrystal-active-material-layer/conductive-soft-
platform core-shell system paves the way to high performance Na-ion batteries.
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Introduction

Li-ion batteries have been considered as one of the most
promising candidates for energy storage due to their high
energy density and cycle stability [1,2]. As an alternative
technology, Na-ion batteries potentially offer a lower cost,
safer and more environmental friendly battery system in
comparison with Li-ion system. Several promising cathode
material with high energy density and cycling stablility have
been well developed, such as layered sodium transition-metal
oxides[3,4], phosphates/fluorophosphates[5,6] and Prussian
blue type materials[7,8]. On the other hand, anode part
becomes the main drawback of the commercialization of the
Na-ion batteries because typical graphite employed in Li-ion
batteries do not intercalate Na* ions, which is related to the
large size of the Na-ion, which is 372% that of a Li-ion , and
thus makes it impossible to simply adopt the recent knowledge
and strategies developed for high performance Li-ion batteries
directly onto Na-ion batteries.[9] Anode materials that have
been investigated include metal oxides[10], alloys[11] and
carbonaceous materials[12]. Sn is a promising anode material
because it alloys with Na at a high specific capacity of
847 mA h/g when Na;sSn, is formed [13]. Several studies of
Sn film and nanostructured anodes were reported with capa-
cities up to 405 mA h/g after 150 cycles [14,15]. On the other
hand, SnO, can deliver a high theoretical sodium storage
capacity of 1378 mA h/g, but with the same volume variation
problem as Sn metal, and hence further surface treatment or
matrix scaffold is needed to stabilize SnO, anode and improve
the electronic conductivity [16,17]. Recently developed
SnO,@graphene nanocomposites have improved cycling perfor-
mance, but this method lacks the processability and rate
capability because of the high cost of graphene [18].

In this study, we demonstrate a surface-coating/nanocrystal-
active-material-layer/conductive-soft-platform multilayer nano-
composite microfiber electrode by using atomic layer deposition
(ALD), hydrothermal synthesis method and carbon cloth (CC) as
a soft platform to solve the problems mentioned above, as
demonstrated in Figure 1. More specifically, we have developed
a binder-free multilayer nanocomposite core-shell microfiber
electrode consisting of a hydrothermal synthesized SnO, nano-
crystal layer on conductive carbon cloth (SnO,/CC) with surface
coatings. The carbon fibers in carbon cloth are intrinsically soft
and porous based on the layered structure with strong interlayer
interactions and weak van der Waals interplanar interactions
between adjacent graphene sheets [19]. As the core of the core-
shell structure, during the sodiation and de-sodiation process,

Figure 1

the soft carbon fibers can change in shape to prevent the
pulverization of the active material, and the pores in the fiber
together with the aligned core-shell array structure can also
provide extra space to accommodate the volume change to
avoid the detachment of the active material layer. An ALD Al,03
coating and a hydrothermal carbon coating are further applied
on Sn0,/CC electrodes to enhance the cycle life and rate
capability. The comparison of impedance and morphology
between fresh and cycled electrodes revealed the mechanism
of capacity decay and how Al,05 surface coating can protect the
active material layer. The hierarchical core-shell SnO, anode
with  designed surface-coating/nanocrystal-active-material-
layer/conductive-soft-platform structure described is ideal for
high power and large scale sodium ion storage. The hydrother-
mal synthesis, ALD technology and conductive fiber substrates
are scalable for large throughput manufacturing.

Experimental
Materials preparation

SnO, coating was synthesized through hydrothermal reac-
tion. 0.1 mol/L SnCl, was dissolved into 5 ml ethanol and
15 ml DI water, then 1ml HCl acid was added. Oxidized
carbon cloth was immersed into the SnO, precursor solution
overnight in Teflon autoclave and followed by heat treat-
ment at 110 °C for 6 h. Obtained SnO,/CC was washed in DI
water and ethanol carefully then dried overnight. The
weight of SnO, was measured by checking the weight of
carbon cloth (CC) before and after SnO, hydrothermal
deposition. The loading mass density of the SnO, is ~
0.9 mg/cm? which is calculated by using the weight of SnO,
divided by the area of the carbon cloth.

Carbon coating process was completed using a hydro-
thermal method, SnO, coated carbon cloth was immersed
into 0.1 mol/L sucrose solutions, and then transferred into a
Teflon autoclave and heated up to 250 °C for 3 h. Obtained
C/Sn0,/CC was washed in DI water and then annealed at
500 °C for half an hours. The Obtained C/Sn0O,/CC was
washed in DI water and dried in air, then annealed at 500 °C
for half an hour in argon gas.

The ALD Al,0; coating was performed on the fabricated
Sn0,/CC electrode with a homemade ALD system at the
temperature of 90 °C and pressure of 6x 10~ "torr in a
vacuum chamber.

B Conductive Soft Platform
[l Nano-Crystal Layer
B surface Coating

Schematic figure of surface-coating/nanocrystal-active-material-layer/conductive-soft-platform structure.
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(a) Optical image of flexible SnO,/CC binder free electrode, (b) XRD profile of hydrothermal synthesized SnO,, (c) SEM image of

Sn0O,/CC and (d) cross section SEM image of a single SnO,/CC fiber and its EDX element mapping profile of carbon (e) and tin (f).

Electrochemical measurements

The SnO, electrodes were cut into 1 x 1 cm? pieces and tested
in half cells configuration with Na metal as counter electrodes
and 1 M NaPFg in polycarbonate (PC) electrolyte with 5% FEC by
vol. as additive. The batteries were cycled in the voltage range
of 0.1-2.5V at room temperature. Electrochemical impedance
spectra (EIS) were collected with AC voltage at 5 mV amplitude
and frequency range of 100 kHz-10 mHz. The batteries were
fully charged and then rested to reach equilibrium before the
impedance test. All electrochemical experiments were con-
ducted at room temperature, and all capacities were calcu-
lated based on the weight of SnO,.

Results and discussion

The carbon fibers are initially treated with nitric acid to enrich
the hydroxyl (-OH) groups on its surface, which can provide
strong hydrogen bonding between the fiber and active mate-
rial. A thin layer of SnO, was then synthesized onto carbon
cloth using the hydrothermal method, the resulted flexible and
binder free electrode is shown in Figure 2a and is denoted as
Sn0O,/CC. In Figure 2b, the crystal structure of hydrothermal
synthesized SnO, is confirmed by X-ray diffraction (XRD), and
no impurity is detected from the XRD pattern.

The hierarchical structure of SnO,/CC is illustrated in the
SEM image (Figure 2c). All of the SnO,/CC fibers have a
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Figure 3

diameter on the order of 5 um uniformly. In order to confirm
the hierarchical core-shell structure of the nanocomposite
microfiber, the freshly cut SnO,/CC sample was further
characterized in detail. In Figure 2d, a SnO; shell layer with
a thickness of ~500 nm is marked on the cross-section SEM
image. Figure 2e and f shows the EDX mapping profiles of
the carbon and tin elements in Figure 2d, both of which
show a good agreement with the contrast profile of
Figure 2d. Both SEM images and EDX mapping cooperatively
reveal that all carbon fibers are coated with a SnO, layer
uniformly to form Sn0,/CC hierarchical core-shell nanocom-
posite microfibers. Similar core-shell structure with con-
ductive core has been proven effective in resolving issues
associated with electron-transfer kinetics along the high
aspect-ratio rod- or wire-like materials [20,21]. Compared
to conventional rigid metallic substrates, the carbon cloth is
extremely soft and porous with a high capacity for electro-
lyte absorption which can provide a dual diffusion channel
for Na-ions. In order to study the effect of substrate and
surface coating on electrochemical performance, additional
sucrose hydrothermal carbon coating and ALD Al,03 coating
are also applied on the SnO,/CC samples and are denoted as
C/Sn0,/CC and Al,05/Sn0,/CC, respectively.

The hierarchy, crystalline and configuration of SnO,/CC
nanocomposite with different surface coatings were further
confirmed by transmission electron microscopy (TEM). In
Figure 3a, the TEM image shows a large bulk piece from the
SnO, cylindrical active material shell layer coated on a single
carbon fiber. According to the high resolution TEM image shown
in Figure 3b and the FFT image (Figure 3d) of the area marked

(@) TEM image of a large bulk piece of SnO, layer coated on CC, (b, c) High resolution TEM image of SnO, nanocrystal at
different magnification, (d) FFT image of the area marked in (b). TEM images of the carbon layer (e) and Al,05 layer (f) coated on CC.

in Figure 3b, the SnO, layer is polycrystalline with uniform
grain size at ~5 nm. The high-resolution TEM images of carbon
and Al,Os; surface coatings are shown in Figure 3e and f.
Several carbon layers are observed in Figure 3e, the thickness
of the carbon coating is 7.8 nm, which is partially graphitized
after the annealing. In Figure 3f, the thickness of the uniform
ALD AL,05 coating is ~8.3 nm and in an amorphous nature. In
order to study the degree of graphitization of the carbon
coating, we designed the following control experiment and
characterized the annealed sample with Raman spectrum
equipped with a 532 nm laser source. Sucrose solution with
0.1 mol/L concentration was dropped onto a quartz substrate
and dried in air, and then the substrate was annealed at 500 °C
for half an hour in argon gas. The Raman spectrum is presented
in Figure S1 (Supporting Information). The peaks of D and G
bands were centered at 1359 cm~' and 1595cm~". The D
band is correlated with structural defects and disorder-induced
features in the graphene layers of carbon materials, while the
G band is indicative of the high frequency E,g first-order
graphitic crystallites of carbon. The ratio between the intensity
of the G and D bands is 1.51.

The cycling performance of Sn0,/CC, C/Sn0,/CC and A,O3/
Sn0O,/CC electrodes was investigated by galvanostatic charge
and discharge of the electrodes between 0.05 and 2.5V at the
current density of 0.1 C (134 mA/g), and the results are shown
in Figure 4a. Electrodes assembled in a traditional way by
mixing carbon black, PVDF binder and commercial SnO,
powder were also tested for comparison. The commercial
SnO, powder suffered from rapid capacity decay, retaining
only 6% of the initial capacity after 10 cycles (Figure S2,
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Figure 4 (a) Cycling stability and Coulombic efficiency of SnO,/CC, C/Sn0O,/CC and Al,05/Sn0,/CC. Potential profiles of (b) C/
Sn0,/CC and (c) Al;05/5n0,/CC in cycling test. (d) Rate performance of C/Sn0O,/CC and Al;05/5n0,/CC.

Supporting information), which is mainly because of the large
volume change of SnO, during sodiation process and resulted in
the detachment of the active material [22]. In contrast, for the
Sn0O,/CC sample without any surface coating, its initial specific
charge capacity is 529 mA h/g and it maintains 30% of initial
capacity after 40 cycles, which is an obvious improvement over
the conventional electrodes made of commercial SnO, powder.
The degradation was suppressed because the high surface
area, porous structure and the intrinsic soft characteristics of
carbon cloth can effectively accommodate the volume charge
during sodiation and de-sodiation process [23,24]. After 40
cycles, the capacity decay becomes slower and finally the
capacity reaches 74 mAh/g at the 100th cycle. The cycling
stability is further enhanced by a thin layer of carbon and Al,03
coating. The C/Sn0,/CC sample reaches a 522 mA h/g initial
charge capacity which is similar to the SnO,/CC sample without
any surface coating, but it shows a 60% retention which is much
higher than the SnO,/CC sample. This demonstrates that the
designed  surface-coating/nanocrystal-active-material-layer/
conductive-soft-platform structure can greatly suppress the
volume change and the pulverization of SnO, crystal to
improve the cycling stability. Meanwhile, although the Al,05/
Sn0,/CC anode has a 470 mA h/g initial capacity which is
slightly lower than C/Sn0O,/CC, it shows the best retention of
80% and delivers a 377 mA h/g capacity which is even 63 mA h/
g higher than C/Sn0O,/CC after 100 cycles. This is a reasonable
result since the Al,0; layer is much denser than carbon layer

and can provide the best mechanical support to the SnO,/CC
core shell electrode [25,26]. The capacity comes from the
carbon cloth is proved negligible (Figure S3, Supporting
information). For the SnO,/CC anode, the efficiency reaches
around 98% in 11 cycles, however, the efficiency of the C/
Sn0O,/CC anode quickly increased to above 99% in the first
3 cycles benefiting from the excellent electronic conductivity
from the carbon coating. The Al,05/Sn0,/CC anode shows a
lower Columbic efficiency than the other two samples, which
may be due to the dense and insulate nature of the Al,0O5 layer.

Aside from capacity, cycling potential profiles of C/Sn0O,/
CC and AL,03/5n0,/CC anodes for Na-ion batteries at 1, 2,
5, 10, 50 and 100th cycle are depicted in Figure 4b and c. All
curves shown in the two figures represent the typical
reaction between SnO, and Na, and they also reveal that
the additional surface coating processes did not reduce SnO,
to SnO or Sn metal. For the C/Sn0O,/CC anode, potential
plateaus in discharge and charge curves gradually disap-
peared, suggesting that part of the SnO, layer disintegrated
and detached electronically from the carbon cloth. Compar-
ing to the C/Sn0,/CC anode, the Al,03/Sn0,/CC anode
suffers a larger hysteresis between charge and discharge
curves due to the insulating Al,0; coating. However it
maintained these distinct step plateaus even after 100 deep
cycles, which is a much pronounced difference comparing
with the carbon coated samples. For the Al;,03/5n0,/CC
anode, a bump located around 1.3V is observed on the first
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Figure 5 The electrochemical impedance spectrum (EIS) profiles of (a) C/Sn0O,/CC and (b) Al;053/5n0,/CC fresh cell and cell after
100 cycles. The SEM images of (c) C/SnO,/CC and (d) Al,03/Sn0,/CC after 100 cycles.

discharge curve, which can be considered as the stress
release happened between the Al,0; surface coating layer
and the SnO, nanocrystal layer during the sodiation process,
since no similar peak is observed from the C/SnO,/CC
sample. It is clear that graphite carbon layer and dense
AL,O3; layer are not as soft as the carbon cloth fibers, the
stress introduced by the first sodiation process may lead to
the activation of the carbon fibers, reconstruction of the
active material layer and creating more contact between
the active material and electrolyte [27]. The Al,O3 coating
has been shown as an excellent coverage and conformal
deposition on different materials even on Si, [28,29] which has
significant volume expansion and contraction during the ion
insertion and extraction. The TEM image clearly showed the
conformal coating of AlL,O; and the electrochemical perfor-
mance before and after AlL,O; coating, which revealed that the
Al,05 coating prevents the mechanical degradation of SnO, and
also explains the cycling stability improvement of the ALOs/
Sn0,/CC sample.

In Figure 4d, the rate capability test results show that the C/
SnO,/CC anode can deliver average capacities of 501, 460,
422, 391 and 342 mAh/g at 0.1, 0.5, 1, 5 and 10 C charge/
discharge rate. Even at a 20 C and 30 C charge/discharge rate,
a 255 mA h/g and a 144 mA h/g specific charge capacities are
obtained. For the Al,05/5n0,/CC sample, slightly lower capa-
cities are observed at different current rates compared to the
C/Sn0,/CC sample: a 455 mA h/g average capacity at 0.1C

rate, followed by 413, 331, 245 and 95 mA h/g at 0.5, 1, 5 and
10 C charge/discharge rates. At 20 C and 30 C, the Al,05/Sn0,/
CC anode gives very low capacities (<10 mA h/g) and there is
no typical potential plateau of SnO, on the charge/discharge
curves. When the rate was restored to 0.1 C, the Al,03/5n0,/
CC anode showed excellent stability with a 447 mA h/g average
capacity which is 27 mA h/g higher than that of the C/Sn0O,/CC
anode. Obviously, due to the high electrical conductivity of the
carbon cloth platform, both carbon and Al,0; coated samples
gain fast charge/discharge capability. Especially for the C/
Sn0O,/CC sample, the conductive carbon fiber core and carbon
coating shell provide dual channels for electron transfer and
acquire supreme fast charge-discharge capability. The good
rate capability can also be partially ascribed to the nano-
polycrystalline nature of the SnO, active material layer, since
the boundaries between crystal grains can provide faster
diffusion channels for ions [30,31].

The electrochemical impedance spectrum (EIS) of C/
Sn0,/CC and Al,03/5n0,/CC cells before and after 100
cycles is characterized and shown in Figure 5a and b. For
the fresh C/Sn0,/CC cell, the contact resistance is as small
as 5 Q and the charge transfer resistance of was calculated
to be 165 Q based on the semicircle [32]. After 100 cycles,
the contact and charge transfer resistance increased to 20 Q
and 191 Q. Meanwhile, the fresh Al,05/5n0,/CC cell have a
372 Q charge transfer resistance and a 105Q contact
resistance, the increased contact and charge transfer
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resistance can be attributed to the dense and insulating
nature of the Al,0; coating. After 100 cycles, the charge
transfer resistance calculated from the first semicircle
almost remains the same, however, the contact resistance
increased to 175 Q, and another big semicircle with a 450 Q
charge transfer resistance appears following the first semi-
circle, which implies a strong solid electrolyte interface
(SEI) film already formed on the Al,0; surface. In order to
prove that hypothesis and gain insight into the capacity
fading mechanism, SEM images of two samples with differ-
ent surface coatings are obtained after washed with PC and
DI water carefully to remove the Na salt. In Figure 5c, there
is no obvious SEI film on the surface of the C/Sn0O,/CC
sample after cycling. However, as we expected, SnO,
nanocrystals agglomerated together and became porous
bulks. Parts of the active material layer also detached from
the carbon cloth, which should be considered as the main
reason to the capacity decay of C/SnO,/CC sample. In the
SEM image of the Al,03/Sn0,/CC sample after cycling, no
obvious agglomerates and detachments were found, and a
significant SEI film was observed at the same time, which
gradually started to decompose after exposing to the
electron beam for tens of seconds. Since the washing
process for both samples are the same, we believe that
the SEI film formed on Al,05 surface has different composi-
tion or a larger thickness than that on the carbon coating
surface. The different SEI film observed from Al,05; coated
sample may be formed because of the unique surface
property of Al,03 layer or the physical and electrochemical
reaction between the electrolyte and Al,05 surface coating.
It is obvious that although the Al,05 coating together with
strong SEI film leads to the increasing of the contact and
charge transfer resistance of Al,05/5n0,/CC electrode, on
the other hand, they provide the superior mechanical
support to the SnO, active layer and suppress the volume
change and pulverization of SnO, layer during sodiation and
de-sodiation process. Compared to C/Sn0,/CC sample, the
strong SEI film on Al,03 surface also consumes more Na-ion
during sodiation process and results in a lower Coulombic
efficiency during cycling as shown in Figure 4a.

Conclusions

In summary, hierarchical core-shell nanocomposite anode
consisting of individual conductive carbon fiber, a SnO,
intermediate layer and carbon or Al,03 surface coating,
was fabricated by hydrothermal and ALD method. The
Al,03/5n0,/CC anode maintained a 371 mAh/g specific
charge capacity at 100th cycle which demonstrated superior
electrochemical stability and the C/SnO,/CC anode deliv-
ered a 342 mAh/g and a 144 mA h/g capacity at 10 C and
30 C high charge/discharge current rate. The conductive
soft platform as well as the precise hierarchical control of
various sublayers of materials in designed order was
believed to function synergistically to maintain an anode
host mechanically, electronically, and electrochemically
active and stable, despite its large volume change upon
sodiation/desodiation cycles and semiconductor material
nature. In particular, the designed surface-coating/nano-
crystal-active-material-layer/soft-platform core-shell elec-
trode system minimized the stress of the volume change and

maximized the Na-ion transport kinetics of SnO, anode,
which have been two rather severe challenges that this kind
of Na-ion host is facing. The excellent rate capability and
cycling stability, the easy processability of carbon fibers and
the mature hydrothermal synthesis and ALD technology
make this surface-coating/nanocrystal-active-material-
layer/soft-platform core shell system an excellent candi-
date for Na-ion storage. Although Na-ion batteries has a
great potential for the low-cost and material-abundant
large scale energy storage application, we believe the fast
charge/discharge capability is very meaningful to keep a
high power density to match with several high power
cathodes for full Na-ion batteries [33-35] The superior
cycling performance, the excellent rate capability com-
bined with the simplicity of the fabrication process, repre-
sents a new strategy for the development of inexpensive
and versatile synthesis techniques for Na-based energy
storage applications.
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