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ABSTRACT: Sodium ion batteries are attracting ever-increasing attention
for the applications in large/grid scale energy storage systems. However, the
research on novel Na-storage electrode materials is still in its infancy, and the
cycling stability, specific capacity, and rate capability of the reported electrode
materials cannot satisfy the demands of practical applications. Herein, a high
performance Sb,O; anode electrochemically reacted via the reversible
conversion-alloying mechanism is demonstrated for the first time. The
Sb,0; anode exhibits a high capacity of 550 mAh g™* at 0.05 A g™ and 265
mAh ¢! at S A g”'. A reversible capacity of 414 mAh g~' at 0.5 A g is
achieved after 200 stable cycles. The synergistic effect involving conversion
and alloying reactions promotes stabilizing the structure of the active material
and accelerating the kinetics of the reaction. The mechanism may offer a well-
balanced approach for sodium storage to create high capacity and cycle-stable
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1. INTRODUCTION

The increasing demand for low cost, long lifetime, and stable
energy storage in applications of large/grid scale energy storage
systems (ESSs) has propelled the exploration for alternative
battery concepts beyond lithium ion batteries (LIBs).'>
Sodium ion batteries (SIBs) have recently attracted worldwide
attention owing to the favorable cost performance and the
natural sodium abundance.*”® Since sodium shares similar
chemical properties to lithium, SIBs are currently following the
footsteps of LIBs in the research field of electrode materials for
sodium storage. In the case of anodes, materials that store
sodium via mechanisms of alloying or conversion possess much
higher theoretical capacity compared to carbon-based materials,
and are now under intensive investigation for accelerating the
practical applications of SIBs.”~'* For the anodes with alloying
reactions, the relatively low reaction potential is beneficial for
delivering high working voltages of a full cell (Figure 1). The
recent work on Sb and Sn/C anode clearly demonstrates even
lower average reaction voltage in SIBs than that in LIBs.">'*
Furthermore, the fast kinetics of alloying reactions can lead to
low hysteresis (e.g., only 0.06 V for Sn/C),"* which is extremely
important for making full use of charged energy. Nevertheless,
compared to the case in LIBs, the Na alloying/dealloying
processes cause much more serious volume change due to the
larger size of the Na ion, which results in crack formation and
pulverization of active materials and finally fades the electro-
chemical performance of the electrode."® Different from the
Na-alloying reactions, the conversion reaction of the anode
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Figure 1. Schematic diagram of the characterstics of the alloying
reaction and conversion reaction and their relationship between the
alloying-conversion reaction.

involves the reversible formation and decomposition of Na,X
(X =0, S, etc.), which acts as a “buffer matrix” for relieving the
volume change and brings about stable cycling perform-
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ances.”'>'*'7 However, the large voltage hysteresis induced by
the sluggish reaction kinetics and the high reaction potential
significantly limits their practical utilization in SIBs.'*'®'? The
recent investigation on the SnO, electrode of LIBs confirms the
higher reversible capacity and prolonged cycling compared to
metal Sn owing to the involved reversible conversion reaction
with the alloying reaction.”®~** The successful exploration of
ZnM,0, (M = Fe, Mn, Co, etc.) electrodes of LIBs has
demonstrated the reversible capacity contribution through both
alloy formation and conversion reaction, which leads to high
reversible capacity, enhanced cycling stability, and decreased
reaction potential. > 2 Very recent research on the GeO,—
SnCoC electrode of LIBs also demonstrates the facilitated
conversion reaction and durable cyclin§ due to the coexistence
of conversion and alloying reactions.”” On the basis of the
aforementioned discussion, highly efficient and durable sodium
storage might be achieved in anode materials by combining the
alloying and conversion reaction mechanisms, as illustrated in
Figure 1.

Herein, we successfully demonstrate high sodium storage
performance in the Sb,O; electrode, which inserts/extracts
sodium ions reversibly via the combined conversion-alloying
mechanism. The unique conversion-alloying reactions are
found to be superior to the conversion or alloying reaction,
as mostly reported in the literature (Figure 1). The Sb,0,
anode delivers a high specific charge capacity of 509 mAh g™" at
0.05 A g™', and retains as high as 265 mAh g™ at a ultrahigh
current density of S A g~'. The restored capacity could reach
550 mAh g™' at 0.0S A g after a rate performance test. In
addition to high specific capacity and good rate capability,
Sb,0; also exhibits outstanding cycling stability at a high
current density of 0.5 A g_l, and a high reversible capacity of
414 mAh g is still achieved after 200 cycles.

2. EXPERIMENTAL SECTION

Preparation of Sb,0; Film. With a precursor solution of 0.01 M
antimony acetate in ethanol and ethylene glycol (4:1 in volume),
Sb,0; thin films were prepared by the electrostatic spray deposition
(ESD) technique for 3 h on a stainless steel substrate heated at 160 °C
(feeding rate: 2 mL h™'). The distance and the applied voltage
between the nozzle and substrate were 4 cm and 7 kV, respectively.
The mass of the deposited material was measured using a
microbalance with an accuracy of 0.002 mg (Sartorius CPA26P,
Germany) before and after deposition.

Characterization. The crystal structure of the film was
characterized by powder-XRD with a Rigaku D/max 2550PC X-ray
diffractometer. The morphology of the film was observed using
scanning electron microscopy (SEM; Hitachi $-4800, Tokyo, Japan).
The crystal structure details were further characterized by transmission
electron microscopy (TEM; Tecnai G2 F20 S-TWIN, FEI, America).
X-ray photoelectron spectroscopic (XPS) measurements were
performed with an ESCALAB 250 X-ray photoelectron spectrometer,
using an excitation energy of 1486.6 eV (Al Ka).

Electrochemical Measurements. The electrochemical behavior
was examined in CR202S coin-type cells using the as-deposited films
on stainless steel substrate as the working electrode and sodium foil as
the counter and reference electrode, respectively. Cell assembling was
carried out in an argon filled glovebox, in which the oxygen
concentration and moisture level were maintained at less than 1
ppm. Celgard 2300 microporous polypropylene was used as a
separator. The electrolyte was 1 M NaPF4 in a mixture solvent of
ethylene carbonate (EC), diethyl carbonate (DEC), and propylene
carbonate (PC) (4:4:2 by volume) with 5% fluoroethylene carbonate
(FEC) added."**®* The cells were charged and discharged
galvanostatically on a Neware BTS battery cycler at 0.01-2.0 V (vs
Na/Na*). Cyclic voltammetry (CV) tests were conducted on a

CHI660C electrochemistry workstation between 0.01 and 2.0 V (vs
Na/Na*) at 0.1 mV s %

3. RESULTS AND DISCUSSION

The present Sb,O; film electrode was directly deposited by
electrostatic spray deposition (ESD), which is a facile technique
to prepare high-performance electrode films for batteries. As
shown in the XRD pattern of the Sb,O; film (Figure 2a), all the
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Figure 2. (a) XRD pattern and (b) high resolution TEM image of
synthesized Sb,0; film.

diffraction peaks correspond to cubic Sb,O; (JCPDS No. 43-
1071) except for the substrate peaks. The film consisted of
irregular polygon particles with a size that ranged from 0.2 to
0.5 ym and with an average thickness of around 0.7 ym (Figure
S1, Supporting Information). The relative uncompact structure
of the film ensures the full infiltration of the electrolyte solution
and promotes the migration of the sodium ions. Figure 2b
shows the high resolution transmission electron microscopy
(HR-TEM) (Figure 2b) image of the Sb,O; grains scratched
from the substrate. The two lattice fringes with basal distances
of 0.647 and 0.321 nm correspond to the (111) and (222)
planes of cubic Sb,0;, respectively, which is well consistent
with the XRD result.

Electrochemical Na-storage performances of the Sb,0,
electrode are given in Figure 3. As shown in Figure 3a, the
cyclic voltammetry (CV) profile of the first scan is distinctively
different from the subsequent scans, indicating that there is an
activation step during the first discharge/charge process.”
During the second and third scans, the anodic and cathodic
profiles are well overlapped, indicating the high reversibility and
good capacity retention of the electrode. The Sb,0j; electrode
shows a sloping reduction peak at 0.87 V and a symmetric
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Figure 3. (a) Cyclic voltammetry profiles of Sb,0O5 electrode at a scan
rate of 0.1 mV s™' for the first three cycles within a potential range of
0.01-2.0 V (vs Na/Na*). (b) Cycling performance of Sb,0O; at a
current density of 0.5 A g™ (c) Rate performance of the Sb,O,
electrode at different current rates. (d) A comparison of the rate
capacity of Sb,0; with alloying material and conversion type materials.

reduction peak at 0.42 V, corresponding to the wide oxidation
peak in the range 1.25—2.0 V and another anodic peak at 0.77
V. These two pairs of redox peaks are probably attributed to the
conversion and alloying reactions, respectively. Figure 3b
presents the cycling performance of the Sb,0O; electrode at a
current density of 0.5 A g™'. The first discharge and charge
capacity of the Sb,0, electrode is 645 and 331 mAh g7/,
respectively, corresponding to a Columbic efficiency of only
51.3%. The relatively low initial Coulombic efficiency is
frequently observed in the alloying-type anodes, and the
irreversible capacity is possible due to the electrolyte
decomposition and the formation of a solid electrolyte interface
(SEI) on the electrode surface. The Coulombic efficiency has
been greatly increased to around 95% in the second cycle,
indicating that such irreversible reactions are significantly
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diminished, which might be due to the stabilized SEI layer.
The reversible capacity gradually increases with cycling in the
first 30 cycles, suggesting the existence of an activation process
for sodiation/desodiation. Impressively, the Sb,O; electrode
can still deliver a capacity up to 414 mAh g™ after 200 cycles
with a high Coulombic efficiency of 97.2%. Rate capability is
critical for achieving fast charge/discharge batteries. As shown
in Figure 3c, the Sb,0; electrode delivers specific capacities of
509, 504, 494, 449, 402, 352, and 265 mAh g_l at current
densities of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g_l,
respectively. The specific capacity at an ultralarge current
density of 5.0 A ¢! exceeds that of most SIB anodes reported
previously. Meantime, as high as ~550 mAh g of reversible
capacity is restored when the current density is switched from §
to 0.05 A g~". The rate performance of Sb,O; is also compared
with those of reported tin or antimony based composites (Sb/
C,” SnSb/C,* FeSb-TiC-C,*! Sn,,,P;@(Sn—P)®) in the form
of alloying, together with the transitional metal oxides (Fe,O;@
GNS,"® a-Mo0,*?) through conversion reactions, as shown in
Figure 3d. Even though most of the compared anode materials
are carefully structured or composition-engineered for the
enhanced electrochemical performances, it is clear that the rate
capability of Sb,Oj; is superior to most of the cited anode
materials, demonstrating that Sb,O; has a great potential
working as a high-performance material for sodium storage. It
can be anticipated that the sodium storage performance would
be further enhanced by designing more efficient and stable
microstructures of Sb,O;.

To understand the impressive electrochemical performance
and determine the exact sodiation/desodiation mechanism with
the Sb,0; electrode, comprehensive ex situ measurements
including XRD, HR-TEM, selected area electron diffraction
(SAED), and X-ray photospectroscopy (XPS) were performed
at various charged/discharged states between 0.01 and 2.0 V at
a low current of 10 mA g, as shown in Figure 4. Although a
considerable Na-storage capacity is recorded after being
discharged to 0.8 V, all the diffraction peaks can still be
attributed to the cubic Sb,O; phase except for the substrate
peaks. In comparison with the XRD pattern of the pristine
Sb,0;, there is a slight shift to low angle for all characteristic
peaks (Figure 4c), suggesting a lattice expansion of the Sb,0;
crystal structure. On the basis of the HR-TEM image of Sb,0;
(Figure 4d), the lattice spacing of the (111) crystal plane
increased from 0.647 to 0.650 nm after being discharged to 0.8
V, confirming the lattice expansion behavior. Thus, it can be
deduced that the Na storage capacity at a potential higher than
0.8 V should come from Na intercalation into Sb,O;. A small
amount of sodium can be inserted into the crystal structure of
cubic Sb,O; without a change in structure, which was also
found in the SnO, anode.*® The diffraction peaks of cubic
Sb,0; disappear completely when the electrode is discharged to
0.4 V, while no other diffraction peaks are present. This might
result from the decomposition of Sb,O; and the formation of
nanocrystalline metal Sb. More details can be obtained in the
corresponding HR-TEM image (Figure 4e). The lattice spacing
of 0.375 nm can be assigned to the (003) plane of Sb. In
addition, the hexagonal spots of the SAED pattern can be well
indexed along the [010] zone axis of Sb. On the basis of the
above results, we can conclude that Sb,O; has been reduced to
Sb completely at this discharged state, accompanied by the
formation of Na,O. When fully discharged to 0.01 V, most of
the diffraction peaks can be assigned to the NaSb(OH)4 phase,
implying the formation of the NaSb alloy phase (Figure 4b).
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Figure 4. (a) Charge—discharge curves of the Sb,0; electrode at a current density of 10 mA g~' during the first cycle. (b) The XRD patterns of the
film electrodes (1) after the first discharge to 0.8 V, (2) after the first discharge to 0.4 V, (3) after the first discharge to 0.01 V, (4) after the first
charge to 0.75 V, and (5) after the first charge to 2 V. (c) The XRD patterns of the film electrode after the first discharge to 0.8 V compared with
fresh Sb,0; film. Ex situ TEM images of the film electrodes (d) after the first discharge to 0.8 V, (e) after the first discharge to 0.4 V (the inset is the
corresponding SAED pattern), and (f) after the first discharge to 0.01 V (the inset is the corresponding FFT pattern). XPS spectra of Sb 3d and O 1s
of the film electrodes (g) after the first charge to 0.75 V and (h) after the first charge to 2.0 V.
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Consistently, the lattice spacing of 0.283 nm corresponds to the
(220) plane of NaSb(OH), (Figure 4f). The fast Fourier
transforms (FFTs) in the inset can also be indexed as a
tetragonal phase viewed along the [010] zone axis of
mopungite. The existence of NaSb(OH)g is probably due to
the unavoidable reactions between the discharge product of
NaSb with water and oxygen during the transferring process."*
It is worthwhile to note, different from the appearance of Na;Sb
in the metal Sb anode reported in the literature, only NaSb
alloy is formed during the present alloying reaction. In the
following charge to 0.75 and 2 V, no crystalline peaks can be
observed in the XRD patterns except for substrate peaks,
suggesting that the material becomes amorphous; meanwhile,
the amorphous characteristic is also confirmed by the TEM
results (Figure S2, Supporting Information). In order to
ascertain the phase composition of the product, ex situ XPS was
conducted for the charged samples by identifying the valence
state of the Sb element, which is shown in Figure 4g and h. In
the charged state at 0.75 V, Sb(III) peaks at 540.0 and 530.6 eV
as well as elemental Sb(0) peaks at 537.5 and 528.2 eV can be
distinguished, confirming the existence of both Sb,O; and
metallic antimony in the film. When charged back to 2.0 V, only
Sb(III) peaks can be inferred in Figure 4h, which demonstrates
the reversible oxidation of Sb to Sb,0Oj after being fully charged.

According to the analysis above, the electrochemical reaction
mechanism of Sb,O; with sodium is in accordance with the
combined conversion-alloying reactions:

Sb,0; + xNa* + xe” — Na,Sb,0, (1st discharge)

(1)
Na,Sb,0; + (6 — x)Na® + (6 — x)e” — 2Sb + 3Na,0
(1st discharge) (2)

5,03 (amorphous) + 6Na* + 6e” < 2Sb + 3Na,0

(after 1st cycle) (3)

Sb + Na™ + e~ & NaSb 4)

In the initial cycle, Na ion first intercalates into the Sb,0O;
crystal structure, leading to the formation of Na,Sb,0; in the
potential range of 0.6—1.0 V. The small peak at 0.92 V in the
first anodic scan of the CV test could be assigned to the
intercalation behavior of Na ion, which does not occur in the
subsequent cycles due to the breakdown of the Sb,0O; cubic
structure after the first cycle. In the second step, the conversion
of Na,Sb,0; into Sb and Na,O is confirmed by the formation
of antimony. As suggested above, the conversion reaction after
the first cycle will be conducted directly with Sb,0O; as
proposed in eq 3. It can be concluded that the redox pair peak
of 0.87 V/1.25—2 V in the CV profiles can be assigned to the
reversible conversion reaction. Similar conversion phenomena
have been reported in the research of MoO; and Fe,0;
electrodes of SIBs.">*> The following stage involves Na-
alloying reaction of Sb into NaSb, and this is different from the
metal Sb anode, where Na,Sb alloy is produced."*** The
research on the Sb,S; anode also reveals the same alloying
product.” Furthermore, the shape of the charge—discharge
profiles and voltage plateau during the subsequent cycles were
kept almost the same (Figure S3, Supporting Information),
indicating a unique and reversible reaction mechanism. The
above results clearly demonstrate the reversible combined

conversion-alloying reaction mechanism in the case of the
Sb,0; electrode of SIBs.

If we assume the final discharge product is NaSb based on
the ex situ characterization, a complete conversion-alloying
reaction will involve a total of 8 Na atoms per formula unit,
resulting in a theretical capacity of 735 mAh g~'. Combined
with the first charge/discharge profiles of Sb,O; at 10 mAg ™/,
three reaction stages contribute to a first discharge capacity of
894 mAh g_l, which is higher than the above theoretical
capacity. If conversion and alloying reactions fully occur under
such a low current density of 10 mA g™, an extra capacity of
159 mAh g™' is possibly originated from the additional Na
consumption on the electrolyte decomposition and the SEI
formation. However, the first charge capacity is only 435 mAh
g_l, indicating there are some irreversible reactions and/or a
necessary activation process considering the microscale size of
Sb,O; particles. Furthermore, when the current density
increases to 500 mA g, the first discharge and charge capacity
are only 645 and 331 mAh g™/, respectively, suggesting about a
half amount of active material is not reversibly reacted in the
early peirod of the cycling process. This might be the
polarization effect induced by the low electron/Na* conduction
of conductive agent-free electrode and microscale size of Sb,0;
particles. Along with cycling, the specific capacity has gradually
increased to 485 mAh g~', indicating more active materials
involved, which might be due to the electrochemical grinding
and activation effect. According to the analysis above,
combining with the high electric conductivity material such as
carbon or nanosizing the Sb,O; particle can improve the
utilization of active material and thus increase the specific
capacity.

The outstanding electrochemical performance of Sb,O; can
be ascribed to the conversion-alloying reaction between Sb,O;
and Na. First, the continuous and amorphous Na,O generated
in the conversion reaction acts as a perfect buffer for the
following alloying reaction, effectively relieving the stress
associated with the volume change and preventing the particle
agglomeration. Second, compared to the single conversion
mechanism, the extra alloying reaction will help to accelerate
the reaction kinetics and drag down the average electrochemical
potential plateau. Third, the combined conversion-alloying
electrochemical reactions could involve more sodium ions and
deliver a higher specific capacity and energy density. Overall,
the synergistic effect involving conversion and alloying
reactions promotes stabilizing the structure of the active
material and accelerating the kinetics of the reaction.
Additionally, we could anticipate even a much higher specific
capacity if the final alloying product can be designed as Na;Sb,
not the present case of NaSb. Nanostructuring/compositing the
Sb, 05 active materials is a possible way”>***~>° through which
the chemical state or electrical conductivity can be changed,
leading to improved electrochemical performance.

4. CONCLUSIONS

In summary, we demonstrate combined conversion-alloying
electrochemical reactions in Sb,0j, which performs as a high-
capacity, high-rate, and durable anode for SIBs. Under the
unique Na-storage mechanism, the Sb,O; electrode delivers a
high charge capacity of 509 mAh g_1 at 0.0S A g_l, and retains
as high as 265 mAh g™' at an ultrahigh current density of S A
g~'. Furthermore, an outstanding cycling stability is also
demonstrated with a reversible capacity of 414 mAh g~ at 0.5

A g! after 200 stable cycles. The reversible combined

dx.doi.org/10.1021/am505505m | ACS Appl. Mater. Interfaces 2014, 6, 19449—19455



ACS Applied Materials & Interfaces

Research Article

conversion-alloying mechanism might offer well-balanced
sodium storage to create high-capacity and cycle-stable anode
materials.
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SEM images of the surface and cross section morphology of
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