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Sodium-ion batteries (SIBs) have gained growing research
interests as a viable alternative to lithium-ion batteries (LIBs)
owing to the low cost and wide abundance of sodium."? Due to
the larger radius of Na' than Li*, developing proper electrode
materials for SIB is more challenging than it is for LIBs.* For
example, the most widely used anode material in commercial
LIBs, graphite, shows a very low capacity when used for sodium
storage because of the insufficient interlayer distance for host-
ing the Na'.* In this context, a great deal of endeavours have
been made to explore suitable anode materials with high rate
capability and long cycle life for SIBs, such as carbonaceous
materials,”® metals, metal oxides, metal chalcogen-
ides™™ and metal phosphides.”** Among these candidates,
metallic Sb show great promise as an anode material for SIBs
due to its high theoretical capacity of 660 mA h g~ * for sodium
storage and appropriate sodiation potential (about 0.5-0.8 V vs.
Na'/Na).> However, the dramatic volume change of Sb (~390%)
during the sodiation-desodiation process leads to the pulveri-
zation of the active material and the loss of electric contact from
the current collector, resulting in rapid capacity fading. To
circumvent the above issues, a number of strategies have been
proposed, including (i) nanostructuring of the metallic Sb,**>*
(ii) constructing Sb-M alloys, where M is a nonelectroactive
metal,>*** (iii) combining Sb with carbon materials.>*®* Among
the various approaches, constructing yolk-shell structure, in
which Sb yolks are fully encapsulated by a carbon shell, has
been proven to be a very effective way to enhance the electro-
chemical performance of SIBs. The main advantage of this
structure is that the carbon shell and large interior void can
perfectly accommodate the large volume expansion of the Sb
yolk during Na' insertion, and prevent the cracked Sb particles
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Sb@C yolk—shell spheres with tunable interior space have been obtained via a facile thermal annealing
strategy and used as anodes for sodium-ion batteries. The proportion of interior space in the yolk—shell
structure has a significant influence on the electrochemical performance of the electrode material.

from losing electric contact. Recently, Liu et al. successfully
obtained Sb@C yolk-shell spheres through a nanoconfined
galvanic replacement approach, showing excellent electro-
chemical performance.* In addition, Song et al. reported a low
cost and scalable way for Sb@C yolk-shell structure prepara-
tion, by using commercial Sb,0; powder as starting material.*
They found that the Sb@C yolk-shell structure exhibited much
better rate capacity and cycle stability in comparison with bulk
Sb.

In the Sb@C yolk-shell structure, the proportion of interior
void space in the yolk-shell structure (denoted as nyoid, Mvoid =
interior void space/the whole volume inside carbon shell) is an
important structure parameter. It should be large enough to
accommodate the large volume expansion of Sb during Na*
insertion. However, the large 7,0q Will greatly decreases the
gravimetric and volumetric energy densities of the material.
Therefore, it is important to comprehensively study the effect of
the proportion of interior space in the yolk-shell structure on
the electrochemical performance of SIBs. Nevertheless, to date,
the synthesis of Sb@C yolk-shell structure with controllable
interior space still remains a big challenge.

In this work, Sb@C yolk-shell spheres with controllable
interior space are successfully synthesized through a simple
carbon-coating method followed by a thermal annealing treat-
ment, and are used as anodes for SIBs. We found that the 7,4iq
of the yolk-shell structure poses a significant influence on the
electrochemical performance of the electrode material. The
optimized sample with 7,4 of 74% exhibits considerably better
overall performance than other samples, delivering a reversible
capacity of 400 mA h g~ " after 300 cycles at a current density of
1 A g, thus showing great promise as advanced anode mate-
rial for SIBs.

Sb microspheres synthesized through a facile solvothermal
method are used as the precursors.** The morphology of the Sb
microspheres was examined by transmission electron micros-
copy (TEM) and scanning electron microscopy (SEM) (Fig. 1a-
b and S1f). Sb microspheres with an average diameter of ~2
um, exhibit a rough surface. Fig. 1c presents the X-ray diffrac-
tion pattern of the as-synthesized Sb microspheres. All of the
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Fig. 1 (a) TEM image, (b) SEM image, (c) XRD pattern and (d) Raman
spectrum of Sb microspheres.

diffraction peaks can be well-indexed to rhombohedral Sb
(JCPDS no. 71-1173). Fig. 1d shows the Raman spectra of the Sb
microspheres. The peaks located at ~115 and 152 cm ™' are
characteristic of Raman shifts of antimony.

The specific strategy for the fabrication of Sb@C yolk-shell
spheres is illustrated in Fig. 2. First, a uniform and smooth
polysaccharide (PA) layer is coated on the surface of Sb micro-
spheres to form Sb@PA core-shell microspheres, via a hydro-
thermal method in the presence of glucose. TEM image shows
that the polysaccharide layer is conformally deposited on the Sb
microspheres with a thickness of ~23 nm (Fig. 2b and S27).
Then, the as-prepared Sb@PA microspheres are annealed at
620 °C in Ar/H, with different time. During this process, the PA
layer is pyrolyzed into carbon shell, leading to the formation of
Sb@C core-shell structure. Due to the low melting point, Sb is
prone to volatilize at high temperature (above 500 °C).* Based on
this special feature, Sb@C yolk-shell structure with different

‘ Glucose b
Hydrothermal H Sb
. Reaction =
PA
Calcination| |Ar+H,

Fig. 2 Schematic illustration of the preparation process for the Sb@C
yolk—shell Microspheres and typical TEM images of (a) Sb micro-
spheres, (b) Sb@polysaccharide microspheres, (c) Sb@C-30 min, (d)
Sb@C-2 h, (e) Sb@C-6 h and (f) Sb@C-12 h. Scale bars = 500 nm.
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interior void space can be easily obtained by controlling the
annealing time (Sb@C microspheres with annealing time of
30 min, 2 h, 6 h, 12 h are denoted as Sb@C-30 min, Sb@C-2 h,
Sb@C-6 h and Sb@C-12 h, respectively). Fig. 2c—f shows the
TEM images of Sb@C microspheres. Sb@C-30 min exhibits
a core-shell structure, as shown in the enlarged picture of
Fig. 2c (Fig. S37), indicating the volatilization of Sb core is
negligible under a short annealing period. When the annealing
treatment proceeds to 2 h, many small voids appear between the
carbon shell and the Sb core (Fig. 2d). With the extension of
annealing time, the void space between the core and shell
increases dramatically, giving rise to a typical yolk-shell struc-
ture (Fig. 2e-f). Moreover, the whole Sb core could be evapo-
rated, when the annealing time is longer than 48 h (Fig. S41),
resulting in hollow carbon spheres. The XRD patterns of the
Sb@C yolk-shell structure matched well with rhombohedral Sb
(JCPDS no. 71-1173), precluding the existence of impurities in
the products (Fig. S5t1). Raman spectra of the Sb@C-6 h are
performed and displayed in Fig. S6.f Apart from the typical
Raman signals of Sb, two characteristic peaks at 1348 and
1603 cm ™' are observed. These two peaks can be assigned to the
disorder-induced phonon mode (D band) and graphite mode (G
band) of the carbon shell, respectively. The intensity ratio of the
D and G bands (Ip/Ig) is a descriptor for graphitic degree of the
carbon materials. The value of Ip/Ig is 0.71 for Sb@C micro-
spheres, reflecting the relative disorder and low graphitic
degree of the carbon shell.

Due to the similarity of all four samples, Sb@C-6 h is
selected for further characterization of the microstructure and
elemental distribution of the Sb@C yolk-shell structures. High-
resolution transmission electron microscopy (HRTEM) image of
Sb@C-6 h clearly shows a 0.31 nm lattice spacing, correspond-
ing to the (012) plane of the rhombohedral Sb (JCPDS no. 71-
1173). Moreover, the energy-dispersive X-ray spectroscopy (EDX)
elemental mapping results (Fig. 3c-e) of Sb@C-6 h show that
the Sb yolk is confined within the carbon framework, further
confirming the Sb@C yolk-shell structure.

Thermogravimetric analysis (TGA) is carried out to deter-
mine the metallic Sb content in the Sb@C microspheres
(Fig. S77). Based on the weight loss of carbon combustion and
the weight gain of Sb,0, formation, the Sb content in Sb@C-
30 min, Sb@C-2 h, Sb@C-6 h and Sb@C-12 h is estimated to be
87%, 83%, 61% and 51%, respectively. According to the eqn (E2)
(ESIY), the nyoiq of Sb@C-30 min, Sb@C-2 h, Sb@C-6 h and
Sb@C-12 h is calculated to be 0%, 23%, 74% and 88%,
respectively. (detailed calculation process can be found in ESIT).

Liu et al. and Song et al. have demonstrated that the Sb@C
yolk-shell structure could effectively accommodate the
dramatic volumetric expansion of Sb during Li-/Na-ion inser-
tion with excellent electrochemical performance in SIBs.>*** In
this work, it is our main aim to comprehensively study the effect
of the proportion of interior space in the Sb@C yolk-shell
structure on the electrochemical performance of the SIBs. In
this context, the sodium storage performances of Sb@C yolk-
shell spheres with different 7,04 were investigated in detail.
Fig. 4a shows the cyclic voltammograms of Sb@C-6 h during the
first several cycles at a scan rate of 0.1 mV s~ '. In accordance
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Fig. 3 (a) TEM image and (b) HRTEM image of Sb@C-6 h, (c-e)
elemental mapping images of Sb@C-6 h.

with previous reports,” the first cathodic peak centered at
0.25 V corresponds to the conversion of Sb to Na,Sb, while the
anodic peak at 0.89 V in anodic scans results from the des-
odiation reaction of the Na,Sb alloy. During the subsequent
cathodic scans, three well-separated reduction peaks were
observed at 0.64, 0.49, and 0.42 V, corresponding to the
formation of amorphous Na,Sb, followed by the conversion of
amorphous Na,Sb to cubic and hexagonal Na;Sb, and ulti-
mately leading to the formation of hexagonal Na;Sb.>**** In the
anodic scan, two peaks at 0.86 and 0.92 V almost merge into
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a broad peak (Fig. S8f), corresponding to the desodiation
reactions of NazSb and Na,Sb, respectively.** The difference
between the first and following cycles is probably attributed to
the formation of the solid electrolyte interphase (SEI) layer.>**
In the subsequent three cycles, the CV curves are nearly over-
lapped, indicating the good cycling stability of the Sb@C-6 h
electrodes. Galvanostatic charge and discharge profiles of
Sb@C yolk-shell spheres at a current density of 100 mA g~ " are
displayed in Fig. 4b and S9.F Note that all of the specific capacity
values in this work are calculated based on the total mass of the
Sb@C composites.

The initial coulombic efficiencies of the four samples are all
close to 50%. The low initial coulombic efficiency is mainly
attributed to the formation of SEI films on the Sb core, carbon
shell and the carbon conductive additive.**?** All four samples
exhibit a similar sodiation/desodiation plateaus, which is in
good agreement with the CV curves. In addition, the voltage
profiles of Sb@C-6 h and Sb @C-12 h are well reproducible from
1 to 20 cycles, while the Sb@C-30 min and Sb@C-2 h show rapid
capacity decay during the initial 20 cycles. Fig. 4c and
d compares the rate and cycling performance of Sb@C-30 min,
Sb@C-2 h, Sb@C-6 h and Sb@C-12 h. Among these samples,
Sb@C-6 h exhibits a much higher rate capacity and better long
term cycling stability than the other three electrodes. Regard-
less of the lower capacities, Sb@C-12 h exhibits the similar rate
and cycling performance to Sb@C-6 h. However, Sb@C-30 min
and Sb@C-2 h show a rapid capacity fading and cyclability
degradation. The much lower capacity of Sb@C-12 h is due to
the lower Sb content in the sample. The good cycling stability of

(@) (b)
——1st ——2nd e Y ——1st ——5th
z 021 —3rd 4th % 15 ——10 th ——20 th
E z
- v
S 00 4 2 1.0
£ 2
3 5
0.2 - s 08 =
[} A\
: : r S oo r — r
0.0 05 1.0 15 2.0 0 200 400 600 800
(©) Voltage (V) (d) Capacity (mAh g”) =
x
10004, e + Sb@C-30min 1500 F100 &
- ¥ Current density: A g + sb@C-2h - * Sb@C-30min oy
o e + Sb@C-6h o + Sb@C-2h (80 ¢
s s Sb@C-12h < 10004 + Sb@C-6h S
< 0.1 0.1 £ b s Sb@C-12h F60 &
E soofwpee 02,05 1, ol £ F &
ot Cote N0y R, < > L (2]
2 s o s sl G 5001 0B
] 2o, oy SN sasssesnse 10 -4 . £
s % N [P PR 2 e 20 o
S e, 0 - 0o &
0 20 40 60 80 0 20 40 60 80 100 ©
(e) Cycle number Cycle number
oW E
S N
+  Sb@C-30min )
51000-. s Sb@C-2h (80 g
£ e + Sb@C-6h teo &
E I + sb@C-12h w
'g 500 L40 %
g B 20 5
o 5
0 T o 8
0 50 100 150 200 250 300

Cycle number

Fig. 4 (a) CV curves of Sb@C-6 h at a scan rate of 0.1 mV s~ (b) galvanostatic charge—discharge profiles of Sb@C-6 h at a current density of
100 mA g~%; (c) rate capability of Sb@C-30 min, Sb@C-2 h, Sb@C-6 h, Sb@C-12 h at various current densities from 100 mAg*to 10 Ag~% (d and
e) cycling performance of Sb@C-30 min, Sb@C-2 h, Sb@C-6 h and Sb@C-12 h at a current density of 100 mA g~* and 1 A g%, respectively.
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Sb@C-6 h and Sb@C-12 h can be attributed to the large interior
void space of these samples. The value of 7,iq of Sb@C-6 h and
Sb@C-12 h is 74% and 88%, respectively, which is large enough
to accommodate the nearly four times expansion of the Sb core
during sodiation, resulting in good cycling performance. The
structure stability of Sb@C-6 h and Sb@C-12 h is directly sup-
ported by post-mortem SEM characterization (Fig. S10e-ht),
which shows that the Sb@C microspheres are well maintained
after 300 cycles. In contrast, due to the low 744, SO@C-30 min
(Mvoia = 0%) and Sb@C-2 h (nyoia = 23%) do not have enough
space to buffer the huge volume expansion of Sb, which will
cause cracking of the carbon shell, leading to pulverization of
the active material and electrical isolation from the current
collector, and consequently deteriorate the electrochemical
performance. As shown in Fig. S10a-d,f cracked Sb@C micro-
spheres can be obviously observed in the cycled Sb@C-30 min
and Sb@C-2 h electrodes, implying the poor structure stability
of the Sb@C microsphere with low 1,4iq. To gain further insight
into the outstanding electrochemical performance of Sb@C-6 h,
the AC impedance spectra were measured after the first and the
300™ cycle. As shown in Fig. S11, the semicircle at high
frequencies represents the charge-transfer resistance (R.;) and
the straight slopping line at low frequencies is attributed to the
Na' diffusion process. After the First cycle, the R, value of
Sb@C-30 min, Sb@C-2 h, Sb@C-6 h and Sb@C-12 h is 262, 237,
181 and 156 Q, respectively. There is only a little increase in the
R values of Sb@C-6 h (185 Q) and Sb@C-12 h (246 Q) after 300
cycles, indicating a good cycling stability of these electrodes.
However, the R, values of Sb@C-30 min (1282 Q) and Sb@C-2 h
(688 Q) are increased considerably at the end of 300th cycle,
implying a low electrical conductivity, which is probably due to
the pulverization of the active material during long-time
cycling. These results indicate that the void ratio of the yolk-
shell structure have a significant influence on the electro-
chemical performance of the electrode.

In summary, we have successfully developed a facile thermal
annealing assisted approach to synthesize Sb@C yolk-shell
microspheres with controllable void space. A series of Sb@C
yolk-shell microspheres with different 7,,q were tested as
anode materials for SIBs. Remarkably, Sb@C-6 h with a high
Nvoia Of 74% performed systematically better than the other
three samples, delivering a reversible capacity of 400 mA h g~
after 300 cycles at a current density of 1 A g~'. In contrast, the
Sb@C yolk-shell microspheres with low 7,4q exhibited rapid
capacity decay. These results suggest that the void ratio of the
yolk-shell structure have a significant influence on the elec-
trochemical performance of the electrode material.
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