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Abstract
The electrochemical performance of negative active materials employed in sodium-ion batteries is
dependent on the amount of Na+ available in the test cells. As such, electrodes that exhibit long
cycle-life and high coulombic efficiency (CE) in half-cells could suffer from fast capacity fading in
full-cells as a result of unstable solid electrolyte interphase (SEI) and mechanical degradation
leading to loss of active materials. In this work, the performance of Sb–graphite composite active
materials prepared by extended ball-milling was evaluated in sodium half-cells and various types of
symmetric cells (SCs). In half-cell tests, the composite electrodes provided specific capacities in the
range 350–600 mAh g−1 at C/20 with initial CE of 82%. A stable capacity of 380 mAh g−1 was
observed in the subsequent 100 cycles with the CE increasing to nearly 99%. However,
self-discharge tests on half-cells and galvanostatic cycling of SCs revealed poor capacity retention as
a result of parasitic reaction occurring through the SEI layer. Contrary to half-cells, the SCs
revealed that Sb electrodes suffered from sharp capacity losses when a limited amount of Na+ ions
was available in the cells. This is also characteristic of full-cells in which the sodium ions are
supplied by the positive electrode.

1. Introduction

The development of sodium-ion batteries (SIBs) with practical anode and cathode materials which offer high
energy density and long cycle life has been a major challenge to their use in commercial applications [1].
Graphite and silicon, which are the most common intercalation and alloying anode materials for lithium-ion
batteries (LIBs), exhibit limited Na+ storage capacity [2, 3]. Hard carbons are considered as the ‘standard’
anode materials for SIBs, but usually have capacities limited to up to 300 mAh g−1 [4–6]. A number of
sodium alloys with Sb, Ge, and Sn have been proposed in an effort to increase the capacity of negative
electrode materials in SIBs [7–13]. Among these, Sb possesses promising characteristics such as high
theoretical capacity of 660 mAh g−1 and an average voltage of 0.6 V vs. Na+/Na [7, 8]. However, a drastic
volume increase (∼390%) upon alloying with Na presents a major challenge to practical applications [7, 8].
To prevent performance degradation during cycling as a result of volume variations, mainly two approaches
have been proposed: a) reducing Sb particle size and b) introducing carbon additives to prepare Sb/C
composite electrodes with the ability to accommodate mechanical stress [14–19]. Previous reports have
demonstrated that embedding Sb particles in carbon matrices led to considerable improvement in
reversibility and cycle life of the electrodes [14–17]. For instance, Zhu et al [14] demonstrated that a
reversible specific capacity of 640 mAh g−1 could be achieved when Sb nanoparticles were mixed with
carbon nanofibers via electrospinning process. Enhancement of performance was reported by Li et al [15] for
a Sb–C–graphene fibrous electrodes. A Sb/C composite anode synthesized by mechanical ball milling of Sb
powder with SuperP® carbon was also demonstrated to offer a reversible specific capacity of 610 mAh g−1

with capacity retention of 94% over 100 cycles [16].
Most studies are based on half-cells in which the sodium metal counter electrode supplies an excess

amount of Na+ to sustain cell operation over extended cycles. As long as sufficient amount of electrolyte is
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used, little or no capacity fading is normally observed, even if parasitic reactions are consuming sodium ions
in the cell. The true cycle life of active materials can only be studied under conditions in which limited
amounts of sodium ions are supplied by the positive electrodes. Several works have shown the advantages of
symmetric cells (SCs) in unravelling the true behaviour of electrode materials. Dahn et al [20] proposed the
use of SCs to assess the impact of electrolyte additives and new electrode materials on cell performance.
Similarly, Lee et al [21] investigated influence of LiFSI electrolyte salt on performance of graphite electrodes
using SCs for LIBs. In addition, it is worth noting that considerable increases in the resistance of Na metal
electrode makes it difficult to assess the rate capability of alloys and other negative active materials using
half-cell designs [22]. Also, the cross-talk between Na metal electrode and the working can influence the
results [23]. Thus, SCs are considered useful in the evaluation of the impact of electrolyte salts, solvents, and
additives on the cycling performance of electrodes (CE, cycle life and rate capability) in SIBs.

In this article, antimony–graphite (Sb–graphite) composite materials were prepared by ball-milling Sb
with graphite over 48 h. Sb was selected since it is widely documented as a stable alloying anode material for
SIBs, based on half-cells. For material preparation, a simple and reproducible ball-milling method was
employed. Different prototype SCs containing as-prepared and pre-sodiated electrodes were investigated in
addition to half-cells to explain capacity fading arising from loss of sodium ions to irreversible reactions.

2. Materials andmethods

2.1. Electrode fabrication
The composite electrode (Sb–graphite) was obtained by first mixing Sb powder (Strem Chemicals®, 99.8%)
and N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich®, 99.9%) with a 1:2 weight ratio. The resulting slurry
was ball-milled in a PM100 (Retsch®) for 48 h at 400 rpm with rest intervals of 2 min every 5 min to decrease
the particle size of the Sb powder. NMP was selected as a solvent to avoid potential oxidation of Sb in the
process. The mixture was then washed with acetone four times in a spin-dryer and dried at 80 ◦C for 12 h in
a vacuum oven to remove NMP and acetone. The Sb powder was then mixed with commercial graphite
(Alfa Aesar®, 200-mesh) in 3:2 wt ratio, and ball milled again for 12 h at 300 rpm. Afterwards, the composite
active material antimony–graphite (Sb–graphite), sodium alginate (Na–Alg, Sigma-Aldrich®) and carbon
black (C65®) were mixed with 85:10:5 wt% ratio, respectively. The resulting powder was mixed with water in
4:1 wt% ratio, respectively, and further milled and blended in a planetary ball-miller (Retsch® PM4). The
slurry was coated onto aluminium foil using a bar-coater and dried at ambient conditions. Then, 13 mm
diameter disks were punched out of the coating to prepare electrodes for electrochemical tests. In addition,
control electrodes composed of only as-received graphite (pristine graphite) and ball-milled graphite were
prepared following the same procedure. Before use in electrochemical cells, the electrodes were dried at
120 ◦C in a vacuum oven for about 12 h and stored in an Ar-filled glovebox. The mass loadings on
Sb–graphite, pristine graphite and ball-milled graphite were, respectively, 3.5± 0.3 mg cm−2,
2± 0.3 mg cm−2 and 3± 0.5 mg cm−2.

2.2. Morphology and structure characterization
Scanning electron microscopy (SEM) images and electron dispersive x-ray spectroscopy (EDX) maps were
taken using Zeiss/LEO 1550 at 10 kV accelerating voltage. The Raman spectra were recorded using Renishaw
inVia Raman Microscope by illuminating the samples with a 50 mW, 532 nm laser source operated at 0.5%
power and focused using a 50× objective lens. Each measurement involved a 20 s laser exposure and 20
accumulations. Peak-fitting was done using pseudo-voigt functions. X-ray powder diffraction (XRD)
experiment was performed using a Siemens® D5000 diffractometer (45 kV, 40 mA) with Cu–Kα radiation in
Bragg-Brentano mode and zero-background Si sample holders. The data was collected between 10◦–90◦ (2θ)
with a step size and time per step of 0.02◦ and 1.5 s, respectively. X-ray photoelectron spectroscopy (XPS)
analysis was performed on Sb/graphite electrodes cycled in half-cell setup. The electrodes were rinsed with
DMC in an Ar-filled glovebox, followed by inert transfer for the measurement. Pristine and Sb/graphite
composite electrode soaked for 24 h were also prepared in the same manner. Samples were analyzed using a
Phi-5500 instrument with monochromatized Al Kα radiation (1486.6 eV). The obtained spectra were
calibrated with respect to the hydrocarbon peak set to 284.4 eV.

2.3. Cell assembly and electrochemical testing
The electrolyte used for electrochemical testing was 1 M NaPF6 in a 1:1 volume ratio of ethylene carbonate
(EC, BASF) and diethylene carbonate (DEC, BASF) with a 5 vol.% fluoroethylene carbonate (FEC,
Sigma-Aldrich®, 99.9%) as an additive. The NaPF6 salt (Sigma-Aldrich®, 98%) was dried at 70 ◦C for 48 h
prior to electrolyte preparation. For electrochemical tests, two-electrode half-cells and SCs were assembled in
pouch-cell designs using Sb–graphite, pristine graphite and ball-milled graphite as working electrodes, and
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Na metal (ø= 16 mm) disks as combined counter and reference electrodes with electrolyte-soaked glass fiber
separators (Whatman®, diameter= 20 mm) in between. Approximately 100 µl of electrolyte was used in
each cell. The electrolyte preparation and cell assembly were performed in an Ar-filled glove box with O2 and
H2O level below 3 ppm. After the Sb–graphite electrodes are sodiated/de-sodiated in half cell setup, the cells
were carefully disassembled in the Ar-filled glovebox and the cycled Sb–graphite electrode was recovered. A
new SC containing the recovered electrode was then assembled with 100 µl fresh 1 M NaPF6 EC:DEC
(containing 5 vol% FEC) electrolyte. Different types of SCs designated as SC-1, SC-2 and SC-3 were
assembled. The SC-1 cell consisted of a fully sodiated Sb–graphite electrode and a pristine Sb–graphite
electrode. In the SC-2 cell, the working Sb–graphite electrode was cycled six times and then fully sodiated
prior to cell-assembly, while the counter Sb–graphite electrode was as-prepared. Both the working (sodiated)
and counter (de-sodiated) Sb–graphite electrodes were cycled at least six times before assembling to make the
SC-3 cell. The specific capacity for the SCs is calculated based on the electrode with the lower mass. The
electrodes had similar mass loading, only differing by several percentage units.

Cycling voltammetry (CV) measurements were carried out using Bio-Logic® MPG2-1 potentiostat at a
scan rate of 0.1 mV s−1 in the voltage range from 0.02 to 2.00 V vs. Na+/Na. Measured currents were
normalized to the total mass of the active materials. Galvanostatic experiments were performed using
LANDT® battery testing system at specific currents of 15, 30, 60 and 300 mA g−1 (C/20, C/10, C/5 and 1C
respectively) in a voltage range from 0.02 to 2.00 V vs. Na+/Na. A specific current of 30 mA g−1 was applied
for the galvanostatic cycling of SCs, between voltage limits of+/−1.2 V (for SC-1 and SC-2) and+/−0.7 V
(for SC-3).

3. Results and discussion

3.1. Morphological and structural changes caused by prolonged ball-milling
Potential changes in the particle morphology and crystallinity caused by ball-milling were studied before
electrochemical characterizations. As shown in the SEM images in figures 1(a) and (b), the graphite flakes
measured below 75 µm in lateral size before milling and decreased to below 30 µm after a 12 h ball-milling.
The SEM images in figures 1(c) and (d) of the ball-milled Sb–graphite composite electrode (Sb–graphite)
showed that the Sb particles underwent significant reduction in size after milling and were dispersed in a
matrix graphite flakes. Inspection of the back-scattered SEM images in figure 1(d) revealed that the Sb
particles decreased from 44 µm (as-received) to less than 2 µm after ball-milling. Therefore, the ball-milling
process was successful in forming a good dispersion of Sb particles in a graphitic matrix, as also shown in the
EDX elemental maps of Sb, C and O in figures 1(e)–(g), to form composite electrodes with higher specific
surface area and better ability to buffer volume changes during cycling.

Apart from morphological changes, ball-milling can affect the long-range ordering in graphite [24, 25]
and antimony crystallites. The XRD patterns acquired for pristine graphite, ball-milled graphite, pristine Sb,
ball-milled Sb, and ball-milled Sb–graphite composite materials are presented in figure 2(a). The (002)
graphitic peak significantly broadened after 12 h ball milling indicating the decrease in its crystallinity as the
result of increasing defects. Similarly, the diffraction peaks of Sb become broader with lower intensity after
ball milling. The XRD patterns also confirmed the purity of the Sb phase, and that no crystalline oxide phase
was observed either before or after milling. Furthermore, the Raman spectra of the ball-milled and pristine
graphite powder (see figure 2(e), and note that intensity has been normalized to unity) showed the
characteristic D-, G-and 2D-bands of graphite at positions of around 1350, 1580 and 2720 cm−1, respectively
[26–28]. The D band in the spectrum of pristine graphite electrode was less intense, while the more
dominant G band was much sharper due to the absence of defects in the crystal structure. The ID/IG intensity
ratio and the full-width at half-maximum of the bands increased after ball-milling as defects such as
exfoliation, interlayer expansion and size reduction disrupted the long-range graphitic order. Such structural
changes caused an increase in Raman scattering contributions from defects [29, 30], particularly in the case
of ball-milled graphite in which the D and D′ bands increased considerably.

3.2. Electrochemical performance of Sb/graphite composite electrodes
As shown in the CVs in figure 3(a), the first reduction scan in Sb–graphite anode showed mainly one broad
peak around 0.28 V due to amorphization of crystalline Sb and nucleation of crystalline sodium-antimony
alloy phases [31, 32]. From the second cycle onwards, two more cathodic peaks were observed at 0.5 V and
0.65 V originating from the multi-step alloying of Sb with Na to form the amorphous NaxSb (for x > 1.5)
phase and the crystalline hexagonal Na3Sb phase upon full sodiation [33, 34]. As reported previously, the
dealloying process during charge resulted in largely amorphous Sb and only a single CV peak could be
observed around 0.8 V. To assess the capacity contribution of the graphite component, CV test was
performed on the ball-milled graphite electrode (the dotted-curve CV in figure 3(a)) as well, which showed a
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Figure 1.Morphological changes of graphite and antimony particles caused by ball-milling are shown in the SEM images of
(a) pristine, (b) ball-milled graphite, (c) Sb–graphite composite imaged using secondary electrons, (d) Sb–graphite composite
imaged using back-scattered electrons, (e)–(g) EDX maps showing elemental distributions in the Sb–graphite composite.

large peak below 0.5 V during first discharge due to electrolyte decomposition resulting in surface
passivation. Largely capacitive behaviour was observed in the following cycles with a maximum current of
0.05 A g−1 as opposed to nearly 1 A g−1 for the composite electrodes. A typical galvanostatic
discharge–charge curves of Na–Sb alloying electrodes are shown in figure 3(b). Most of the electrode
reactions occur within the range 0.3–0.9 V, as widely reported in the literature [35]. The comparisons of the
Na+ storage capacities of crystalline graphite, ball-milled graphite and ball-milled Sb–graphite composite
electrodes are provided in figure 3(c) along with the respective CEs in figure 3(d). All three materials were
galvanostatically cycled using at 30 mA g−1.

The pristine graphite electrode exhibited poor electrochemical activity with only 2 mAh g−1 maintained
over subsequent cycles, after first cycle. On the contrary, the ball-milled graphite provided reversible capacity
of about 125 mAh g−1 for the second cycle which decreased and stabilized to about 90 mAh g−1 after 100
cycles. The Sb–graphite composite provided a specific discharge capacity of 450 mAh g−1 with a CE of 85%
for the first cycle, and then a reversible capacity of about 380 mAh g−1 in the subsequent cycles. If normalized
to the mass of Sb in the composite, which was approximately 60 wt.%, and subtracting the capacity
contribution due to graphite (125 mAh g−1), the specific capacity would be 600 mAh g−1, which was very
close to the theoretical capacity of Sb (660 mAh g−1). It should also be noted that capacity due to graphite in
the composite could be overestimated since it was structurally different from the graphite ball-milled
separately, as observed in the Raman spectra provided in figures 1(b)–(e). The electrochemical performance
of Sb–graphite at different C-rates are shown in figures (c) and (d). At C/20 rate, the specific capacity was
nearly 400 mAh g−1 over 40 cycles. Increasing the rate to C/10 and C/5 decreased the stable capacity only
slightly to approximately 390 and 360 mAh g−1, respectively. In general, it can be concluded that the specific
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Figure 2. Structural characterization of using XRD and Raman scattering: (a) the XRD patterns of pristine graphite, ball-milled
graphite, pristine Sb, ball-milled Sb and ball-milled Sb–graphite composite materials, (b) the Raman spectra of graphite before
and after the ball-milling procedure, and that of ball-milled Sb–graphite electrode, (c) peak fitting of the Raman spectrum of
pristine graphite, (d) peak fitting of the Raman spectrum of graphite ball-milled together with Sb for 48 h, and (e) peak fitting of
the Raman spectrum of graphite ball-milled for 48 h.

Table 1. Comparison of the electrochemical performance of Sb-based anode in our work with that of some previously published
Sb-based anode performance for SIBs. Note that the studies included reserve some type of similarity to ours, whether it be electrode
preparation method, electrode composition etc.

References
Electrode composition weight
ratio (wt.%)

Mass loading
(mg cm−2)

Capacity (at specific
current mA g−1)

Capacity retention
(cycle life)

Our work BM1 Sb/graphite/CB/Na-Alg
51/34/5/10 wt.%

3±0.5 550 mAh g−1_Sb or
375 mAh g−1_am

3

(60 mA g−1)

>95% retention
(>100 cycles)

Our work BM Sb/graphite/CB/Na-Alg
51/34/5/10 wt.%

3±0.5 595 mAh g−1_Sb or
395 mAh g−1_am
(15 mA g−1)

>98% retention
(>30 cycles)

Lee et al [17] BM Sb/graphite/CB/Na-Alg
51/34/5/10 wt.%

1.5 310 mAh g−1_am
(30 mA g−1)

∼100%
retention (160
cycles)

Yang et al [16] 10 nm Sb/CB/CMC 56/34/10
wt.%

3.3 610 mAh g−1_Sb
(36 mA g−1)

>90% retention
(100 cycles)

Wang et al [14] Electrospun Sb NP2/carbon fiber
54/46 wt.%

3 320 mAh g−1_am
(At 30 mA g−1)

>80% retention
(300 cycles)

Monconduit et al [35] BM Sb particle/CB+carbon
fiber/CMC 70/15/15 wt.%

1.4 576 mAh g−1_Sb
(15 mA g−1)

>90% retention
(200 cycles)

Liu et al [36] SnSb/carbon nanofiber/
CB/CMC 48/32/10/10 wt.%

1.5-2 392 mAh g−1_am
(30 mA g−1)

∼100%
retention (200
cycles)

Cao et al [19] Sb/MWCNT4/Super P 80/10/10
wt.%

1.6 552 mA g−1

(800 mA g−1)
∼94.3%
retention (>300
cycles)

1. BM= ball milled, 2. NP= nano particle, 3. am= active material, 4. MWCNT=multiwalled carbon nanotubes

capacities of the electrodes at C/20 to C/5 rates were in the range from 350 to 400 mAh g−1. However, a
significant capacity loss was observed at higher C-rates, with the specific capacity being 250 mAh g−1 at 1C.
The associated CE of the half-cells were approximately 80% at C/20, C/10, and C/5, and 75% at 1C. In the
subsequent cycles, the CE for all C-rates increased to roughly 99% and stable capacities were obtained
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Figure 3. Electrochemical tests carried out CV and galvanostatic cycling protocols: (a) the CV curves of the ball-milled graphite
and Sb–graphite electrodes recorded at a scan rate of 0.1 mV s−1 range from 0.02 to 2.00 V vs. Na+/Na, (b) typical galvanostatic
discharge-charge curves of ball-milled Sb–graphite electrodes obtained at C/20 rate, (c) specific capacities of pristine graphite,
ball-milled graphite and ball-milled Sb–graphite composite electrodes at different C-rates, (d) the CE of the Sb–graphite cells
given in (c), (e) self-discharge tests on fully-sodiated Sb–graphite vs. Na half-cells upon relaxation over 50–600 h.

over 100 cycles with little or no fading, as it is typically reported for Sb-based electrodes tested in
half-cells. The measured capacities are comparable with capacities reported in other studies (see table 1).

3.3. Stability of the solid electrolyte interphase (SEI) layer and capacity fading in Sb–graphite composite
electrodes
The nature and dynamics of the SEI layer on the negative electrodes in SIBs electrolytes are not
well-understood [37], but it is suspected that the SEI could be unstable during charge–discharge cycles
leading to aggravated self-discharge and capacity fading [38]. To evaluate the stability of the SEI layer, and
the extent of self-discharge, Sb–graphite electrodes were allowed to relax at OCV over extended periods after
galvanostatic discharge to 0.02 V, i.e. in their fully sodiated states while connected to battery testing system,
as shown in figures 3(e) and (f). The self-discharge observed during the OCV relaxation resulted in capacity
loss which increased with increasing time of relaxation. As can be observed in figure 3(f), a 6% capacity loss
was recorded for the longest pause (600 h), while the voltage relaxed to around 0.5 V.

The SEI formation on the Sb/graphite composite electrode was analysed by XPS after 5 and 50 cycles at
sodiated and desodiated states which were compared to pristine and soaked samples (figure 4). The sodiated
state corresponded to an electrode cycled up to end of discharge (0.02 V) and desodiated state corresponds to
an electrode cycled to the end of charge (2 V).
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Figure 4. XPS spectra of pristine, soaked and Sb/graphite composite electrodes cycled in half-cells.

The C 1s and O 1s spectra of pristine and soaked samples display peaks originated from graphite and
antimony oxide as well as from C–O, O–C=O spices which are characteristic peaks of the sodium alginate
binder present in the electrode [39, 40]. The peaks at 530 and 540 eV in O 1s correspond to Sb 3d5/2 and Sb
3d3/2, respectively, of Sb–O, while the strong peak at 284.4 eV represent graphite in the electrode matrix [41].
However, these peaks originated from the electrode largely disappears when SEI forms after cycling. After five
cycles, at sodiated state the graphite peak at 284.4 is almost invisible while it appears again at desodiated
state. This indicates that SEI formed on graphite particles destroyed/removed during the desodiation.

The source of fluorine for the C–F species peak originates from degradation of NaPF6 salt or FEC
additive, thus the peak is not present in the pristine electrode. Two peaks can be observed in the F 1s spectra
at about 685 eV and 688 eV originating from NaF and C–F species, respectively [42]. Peak shifts in the
binding energy after cycling are attributed to differential charging effect of the cycled electrodes. The cycled
electrodes in comparison with pristine and soaked electrodes generally show that SEI layer is formed after
cycling, however SEI is unstable during the initial cycles (five cycles here) and thus becomes thinner during
the desodiateion. After 50 cycles however both desodiate and sodiated samples display almost similar SEI
features and thickness.

To further understand the interfacial stability, potential parasitic reactions, and capacity fading, SCs were
investigated. Because of the limited amount of sodium ions available, contrary to half-cells in which the
Na-metal counter electrode supplies sodium ions in excess, SCs are suitable to study the nature and stability
of SEI layer and account for parasitic losses that lead to capacity fading over prolonged cycling [20, 43]. The
SCs studied (figure 5(a)) in this work were assembled using two similar Sb–graphite electrodes, one charged
and one discharged. A practical voltage interval was chosen for the galvanostatic measurements of the SCs in
order to ensure a full sodiation/desodiation of each electrode.

The SC-1 cell (figure 5(a)) sustained a 22% capacity loss during the initial cycle attributed to electrolyte
decomposition on the pristine composite electrode. To reveal if a stable SEI layer was fully formed during the
first sodiation cycle, a symmetric cell SC-2 was assembled. The SC-2 (figure 5(a)) consisted of a Sb–graphite
electrode that was pre-sodiated after six discharge–charge cycles and another Sb–graphite electrode without
pre-sodiation steps. Similar to SC-1, a capacity loss of 24% was observed in the initial cycle due to electrolyte
breakdown on the pristine electrode. The long-term cycling efficiency was, however, improved. The decrease

7



J. Phys. Mater. 4 (2021) 024007 Y Tesfamhret et al

Figure 5. Galvanostatic cycling tests on different types of Sb–graphite SCs: (a) schematic illustration of SC-1, SC-2 and SC-3,
(b) the galvanostatic curves of SC-1 cell in the range−1.2 to 1.2 V for selected cycle numbers, (c) the galvanostatic curves of SC-2
cell in the range−1.2 to 1.2 V for selected cycle numbers, (d) the galvanostatic curves of SC-3 cell in the−0.7 to 0.7 V range for
selected cycle numbers, (e) discharge capacity comparison of the different SCs, and (f) the coulombic efficiencies associated to the
data in (e). All cells were cycled using a current density of 30 mA g−1.

in capacity fade in SC-2 cell as compared to SC-1 cell confirmed the importance of more stable SEI in
enabling better cycle life of Sb-based electrodes.

In SC-3 cell, both the negative and positive Sb–graphite electrodes were pre-cycled for at least six times
prior to cell construction. As opposed to SC-1 and SC-2, the SC-3 showed initial CE above 90%, as both
electrodes have been pre-sodiated to allow for the formation of SEI passivation that reduced electrolyte
decomposition during the first few cycles. It also had a higher capacity retention over 200 cycles, as indicated
in figure 5(e). Most importantly, the capacity fading in Sb–graphite electrodes in SCs was remarkably higher
than in the half-cells. Significantly higher capacity retention was observed in half-cells in which the specific
capacity suffered hardly any fading over 40 cycles, whereas in all of the SCs the capacity decreased continually
as only limited amount of Na+-ions were available for electrochemical reactions. This irreversible capacity
could indicate that the SEI was somewhat continuously formed after every de-sodiation cycle. The SEI could
be prone to damage as a result of volume changes during the alloying and dealloying reactions in which fresh
reactive surfaces were forming, as illustrated in figure 6. The parasitic reactions on Sb–Na alloy involving the
electrolyte could lead to irreversible consumption of sodium ions to form a continuously growing SEI. The
excess availability of sodium ions from the sodium metal counter electrode in half-cells guarantees full
sodiation of the electrode during every cycle. Therefore, the half-cell setups of Sb–graphite electrodes showed
no capacity fading. Hence, it should be stressed that the actual performance of negative electrode materials
must be tested in either full-cells or SCs.
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Figure 6. Capacity fading in Sb-based electrodes: as a result of volume changes upon sodiation/desodiation and SEI cracking,
fresh surface on Sb–Na alloy forms. More parasitic reactions occur and irreversibly consume the Na+ ions leading to a thicker SEI
and continuous capacity fading.

4. Conclusions

A composite Sb–graphite active material was prepared by ball-milling a mixture of Sb and graphite powders
over 48 h. Structural analyses using, SEM, Raman spectroscopy and XRD confirmed the graphite and Sb
particles underwent not only morphological but also structural changes as a result of mechanical milling.
The composite electrode provided stable capacities between 350 and 400 mAh g−1 at C/20, C/10 and C/5
with CE of about 80% which increased to above 98% from the second cycle onwards. Self-discharge tests of
half-cells showed the capacity decreased by about 6% over 600 h, pointing to the presence of parasitic
reaction occurring through the SEI layer. Different types of SCs, however, revealed that the capacity faded
continuously because of continuous parasitic reactions which irreversibly consumed the Na+ ions
originating from the pre-sodiated Sb–graphite electrodes. Such reactions could involve the fresh surface on
Sb–Na alloy forming as a result of the volume changes during cycling. The advantage of SCs over half-cells
was clearly demonstrated as the electrode materials which displayed virtually no capacity loss in half-cell tests
suffered from sharp capacity losses in the SCs wherein a limited amount of Na+ ions was available.
Therefore, it is necessary to use full-cells to truly characterize the performance of negative electrode
materials, particularly those operating via alloying mechanism.
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