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Abstract
Porous Sb nanostructure has been prepared via aesiathermic reduction
reaction and a succedent HCI solution etching m®icéhe Sb product is made up of
connected uniform porous particles. The pores lavaverage pore size of ~80 nm.
Sodium storage performance of porous Sb producbkes investigated.An initial
reversible capacity of 570.3 mAh/g was obtaine®@tmA/g. At the 50th cycle, a
reversible capacity of 538.7 mAh/g was retainedresponding to a high retention

rate of 94.5%.
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1. Introduction

It is possible for sodium ion batteries (SIBs) éplace lithium-ion batteries (LIBS)
in the near future because there are rich sodiwmurees in the earth and sodium is
environmentally friendly [1-5]. Therefore, reseath have paid close attention on
SIBs recently. A most critical problem limiting tiserrent SIBs technology lies in its
development of anodes. Metal materials have bewesimgated the possibility as
anodes for SIBs and some of them have been fousthdes potential for practical
application[6]. Sb is highly conspicuous mainly dtge its appropriate operating
voltage among all metal alloy anodes for SIBs [J-Ihe theoretical capacity of
metal Sb is 660 mAh/g based on reaction Sb + 3REaSb. Small electrode
polarization (0.2 V) of Sb make the cycling causself-heating decreased.
Furthermore, the puckered-layer structure of Skreffarge space for sodium-ions to
diffuse fast and interior stress induced by chaygiischarging can be freed easily. As
a result, the kinetics, cycle stability and otheoperties of Sb anode have the
potential to be improved dramatically. However,&lmde has a huge volume change
(~ 290%) in SIBs during sodiation/desodiation pss;e which result into
pulverization of Sb anode material [11, 12]. Thtise delamination of active
substances Sb occurs and electrical contact is emeak Besides, huge volume
changes would also give rise to the breaking atissectrolyte interphase (SEI) layer,
which in return causes the continuous consumptioalexctrolyte to reform SEI in
each cycle. Consequently, fast capacity decayimigpaor cycling performance come
into being.

One of the effective approaches to alleviate volwxgansion of Sb anode is to
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fabricate Sb with porous structures as the tremesdtner space of porous structure
can buffer the large volume change of the materialaddition, porous structures can
also provide huge specific surface area, whichlifes the permeation of the
electrolyte and decrease the local current demdithe electrode, thus beneficial for
the high rate capability [13-16].

Herein, we successfully prepared Sb product withirgerconnected porous
structure via a magnesiothermic reduction reactad a succedent HCI solution
etching process. A mean size of pores of ~80 nrst®xn the interior of Sb particles.
Sodium storage performance of Sb nanostructurebbas investigated. The porous
Sb reveals excellent electrochemical behavior.

2. Experimental section
Synthesis

0.6 g SkO3;, 0.58 g NaCl, 0.75 g KCI and 0.6g Mg powder wereugd
intensively for 10 minutes. The fully mixed precns were transferred into a
corundum boat, which was then covered with anotwgundum boat. The above
mixture in the closed corundum boat was pushedfulrdo the center of a tube
furnace and heated at 680 °C for 180 minutes. [Quneating process, the tube was
passed through an mixed gases of Ar (95 vol %jBol %) with a flowing velocity
of 100 sccm. After finishing the heating and thenfce becoming cooled, the
corundum boat was taken out. The powder in thenthmn boat was immersed in 1M
HCI solution for several hours to remove NaCl, K&id MgO. NaCl and KCI
dissolved in water. MgO reacted with HCI based ayOw 2HCI = MgC} + H,O and
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became dissolved. The precipitated substance vpasated via centrifugation, rinsed
by using ethanol and deionized® and dried under vacuum at 50 °C. Finally, dry

Sb powder was produced.

Material Characterization

X-ray diffraction patterns were conducted on RigalU-300 with CiKa
radiation. Scanning electron microscopy (FESEM Q@F4@as used to observe the Sb
sample’s morphology. The SEM microscope had anclattent of an energy
dispersive X-ray (EDX) spectrometer. Detailed mstrocture investigation was
conducted with transmission electron microscopy MTETecnai 20ST).
Brunauer—-Emmett-Teller (BET) surface area measun&neere carried out using

N, in a Micrometrics ASAP 2420 instrument.

Electrochemical measurements

The electrode slurry was made by mixing the powadr80 wt% Sb porous
powder, 10 wt% multi-walled carbon nanotubes, aldwit % carboxyl methyl
cellulose sodium salt (NaCMC). A Cu foil with the-prepared slurry cast on its
surface was dried under vacuum at 60 °C for 12 olrisk electrodes were
fabricated by pressing and punching the Cu foilefigvelectrode was loaded with
about 1.0 mg Sb active material. The electrochdnpeaformances of Sb anodes
were tested by fabricating 2032 coin-type cellstd¥lsodium was selected to be the
counter electrode. Electrolyte was 1M Nag#0lution in propylene carbonate with

5wt% fluoroethylene carbonate. A GD-120 glass fibker was used as separator.
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Galvanostatic charge-discharge was performed oattrly testing system (LAND
CT2001A). Cyclic voltammetry (CV) was acquired anedectrochemical workstation

(CHI6009D).

3. Reaults and discussion

Experimental

Intensity (a. u.)
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Fig. 1. XRD pattern of Siporous product

Fig. 1 is a typical XRD illustration of porous Shoduct. XRD result is well
congruent with the hexagonal phase metallic Sb.lafice constants have been
calculated based on the XRD data. They are a =868 and ¢ = 11.322 A, being
coincide with the data from JCPDS card, No. 85-13%3 peaks from NaCl, KCI or
MgO appear, revealing that impurities are removechgetely and phase-pure Sb

product has been obtained.
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Fig. 2. (a) SEM, (b) EDX, (c) TEM, SAED (insert of Fig. 2c) a(d) HRTEM images

of Sbproduct

SEM and TEM have been conducted to study the poBiusample. The SEM
image in Fig. 2a displays that the Sb product sanghlctually a network structure
composed of coherent uniform porous particles. MTiEhage in Fig.2b confirms the
SEM result. Average pore size is about ~80 nm. \tHiaknesses between those pores
vary from 30 nm to 100 nm.

The elemental composition of porous Sb sample kas imvestigated with EDX
6



technique. Only Sb elemental signal can be fourtierEDX pattern, as shown in Fig.
2b, confirming the pure single phase of the Sb pcbodA typical SAED pattern
recorded from the Sb sample is shown in the inE&tigh 2c. The diffraction rings
disclose polycrystalline feature of Sb nanoparticleligh resolution TEM result
shown in Fig. 3d exhibits clear parallel fringedhwa space of 0.31 nm, originating
from the (012) planes in hexagonal structured Sb.

Such a porous network nanostructure is beneficitié Na storage performance of
Sb electrode. Firstly, the porous nanoparticles pawide a large surface area. The
BET specific surface area of the sample has beersuned to be 17.5%y. Second,
good permeability of electrolyte and short sodimmsdiffusion length are enabled by
nano-sized effects. Lastly, pores in Sb partickes effectively counteract the negative
effects of volume change during charge/dischargdirgy. As a result, the reaction
kinetics, specific capacity and rate capacity camtyproved obviously [10, 17, 18].

In our present reaction approach, metal Mg powdtedaas a reductant and
excess Mg was used to ensure the complete reduati@mpO; to Sb. The reaction
can be described as follows, Mg +,8p — Sb + MgO. During the reaction, a
liquated environment appeared when 680 °C reachedalheating because 680 °C is
above fusing point of each precursor (Mg: 650°G(b656°C, blending of KCI and
NaCl: ~657 °C). Long time magnesiothermic reduction reactproduced Sb and
MgO. The liguated molten state resulted into a hgeneous distribution of each
components, which is important for the formationuafform porous structure. After
the removing of NaCl, KCl and MgO with HCI solutisretching, the final product of
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Sb was remained with an interconnected three diloealsporous structure.
Electrochemical performance of porous Sb productraactive material for anode
in SIBs has been studied systematically. CV ingasion, as shown in Fig. 3, was
conducted to evaluate the electrochemical sodidayiafy/dealloying process in Sb
electrodes from 0.01V to 2.00 V (scanning rate: 5//s). For the first cathodic scan
(sodiation process), there is only one high reducpeak at ~0.36 V. This 0.36 V
peak arises from the production of a SEI layer BiagSb alloy phase. N&b was
turned into NgSb with repeatedly sodiation [9, 17]. Peaks of 0/69.51 V and 0.36
V appeared in CV’s second cathodic scan. The thesks can be attributed to the
sodiation of Sb step by step in which sodium ionsertion induced finally the
formation of a hexagonal Nab phase [19, 20]. It is also found that 0.51 Vkpead
0.36 V peak show different variation trend of irgigy with increasing CV cycles,
0.51 V peak became stronger while 0.36 V peak wedk@s should result from the
crystalline structure change of Sb from hexagoeiure to amorphous phase [21]. In
the reversed desodiation scan, a high peak of\0.88peared. This peak is related to
the reaction in which N&b is turned into Sb [19, 22]. Subsequent CV cyafes the
first one show very similar anodic and cathodic kseasuggesting that Sb porous

electrode materials have good reversibility in SIBs

The general electrochemical reactions of the Stirelée in SIBs can be proposed
as follows based on literature’s report [22]:
Discharge:
Sb+Nd+e€ — NaSb (1)
NaSb + 2Na+ 26 — NaSb (2)



Charge:
NagSb - 3Na+ - 3e— Sb (3)
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Fig. 3. Cyclic voltammogram of Sb electrode ( scan rate:$0s)

Fig. 4 is charge/discharge voltage curves of Sbtelde at 50 mA/g from 0.01V
to 2.00 V. A charge sloping plateau at 0.88 V arsglthrge sloping plateaus at 0.69,
0.51 and 0.36 V are originated from Na alloyingliiséng. These plateaus
correspond well to the CV profiles. The initial &yadischarge and charge capacities
are 702.4 mAh/g and 570.3 mAh/g, which lead togh hnitial Coulombic efficiency
of 81.4% among Sb electrode for SIBs [22-24]. Thgibning capacity wastage and
insufficient Coulombic efficiency should arise frahe production of a SEIn the Sb
electrode surface [22]. The Coulombic efficiencses up immediately to 97.2% ifi’2
cycle. From the second cycle onwards, it is obviously tthet charge/discharge

voltage curves almost coincide, disclosing a highle cycling behavior.
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Fig. 4. The Sb electrode charge/discharge voltage cur/e@maf\h/g

Fig. 5 is the cycling performance of porous Sb.e&ersible capacity of 570.3
mAh/g and a high initial Coulombic efficiency of 2% have been obtained. A
charge capacity of 538.7 mAh/g with capacity ratenbf 94.5% was achieved at the

50th cycle, disclosing a satisfying reversibilifyhe average Coulombic efficiency

from 2"to 50" cycles is 98.1%.
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Fig. 5. Cycle performance of porous Sb from 0.01V to2.08@mA/g.

The porous Sb reveals excellent rate capabilityedbam the cycle testing with
stepwise increasing current densities from 10030801mA/g, as shown in Fig. 6.
Reversible capacities of 568.0, 558.0, 512.6 ané.245mA/g were obtained
respectively at 100, 200, 500 and 1000 mA/g. Thelg8btrode could cycle reversibly
at 1000 mA/g, suggesting sodium ions were ableate@a quick movement in porous
Sb nanostructrue. When current density was sehdgabe 100 mA/g, the capacity
was recovered immediately to 542 mAh/g, almoststmme with the original capacity
at this current density previously. The good cayaaversibility may be due to the
porous structure of Sb electrode whose integrityicde well maintained in a big
variation range of current density, as shown in. Fg&f. The electrochemical
performance of porous Sb in the present work ikt based on the comparison
with literatures for different Sb-based anodes iBsS (Table S1, Supporting

Information).
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Fig. 6. Rate capability of Sb electrode cycled in 2.0-0/01

Conclusions
Sb product has been prepared based on a magnesimtireduction reaction.
The removal of by-product MgO and excess NaCl, Kidting the post-etching
process results in an interconnected porous steicline porous Sb product displays
excellent sodium storage performance. The porousaSka stable reversible capacity
of 538.7 mAh/g at 50 mA/g after 50 cycles and ahhigte performance of 456.2
mA/g at 1000 mA/g for sodium ion batteries. Thethgtic procedure may provide a

novel approach to realize porous metal anodesofdius ion batteries.
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Highlights
1, Porous Sb has been prepared via a magnesi othermic reduction reaction.
2, A succedent HCI solution etching process produced the uniform pores.

3, The porous Sb reveals excellent sodium storage performance.
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