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A silicon diphosphide-carbon composite (SiP2/C) was investigated as a negative electrode material for sodium secondary batteries
with the Na[FSA]–[C3C1pyrr][FSA] (FSA

− = bis(fluorosulfonyl)amide anion and C3C1pyrr
+ = N-methyl-N-propylpyrrolidinium

cation) ionic liquid electrolyte. Two amorphous silicon diphosphide materials, SiP2/C (80:20) and SiP2/C (70:30) (80:20 and 70:30
refer to the SiP2:C weight ratio), were prepared by a facile two-step high energy ball-milling process. SiP2/C (80:20) and SiP2/C
(70:30) delivered high discharge capacities of 883 and 791 mAh g−1, respectively, at 100 mA g−1 in the first cycle at 90 °C, with
the latter showing better cyclability. Comparison of the performance of SiP2/C (70:30) in the ionic liquid and organic electrolytes at
25 °C indicated the advantage of the ionic liquid electrolyte in terms of higher discharge capacity and improved cyclability.
Electrochemical impedance spectroscopy revealed that the interfacial resistance decreased with cycling in the ionic liquid
electrolyte at 25 °C but significantly increased at 90 °C. Ex situ X-ray diffraction revealed that the product remains amorphous
even after charging and discharging in SiP2/C (70:30). This study demonstrated the importance of ionic liquids and phosphide
based materials as high performance enablers for sodium secondary batteries.
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In the recent decades, lithium-ion batteries (LIBs) have been
widely accepted as a primary energy storage system in daily life
because of their high energy density and low degree of
self-discharge.1–3 However, owing to the limited and uneven
distribution of lithium and cobalt resources,4,5 the search for new
energy storage technologies is inevitable, especially for large-scale
applications.6,7 Sodium, which belongs to the same group as lithium
in the periodic table and has the second smallest size, has similar
properties as lithium besides having a low standard electrode
potential (−2.71 V vs standard hydrogen electrode); furthermore,
sodium resources are evenly distributed in the Earth’s crust and
seawater.8 Therefore, sodium secondary batteries can be considered
as alternatives to LIBs, especially for large-scale energy storage
systems.9–16 Although the properties of sodium and lithium are
similar, the technology transfer from LIBs to sodium secondary
batteries is not always straightforward; a typical example of such a
case is the difficulty in the intercalation of sodium ions into
graphite.17 Thus, the facile preparation of a suitable negative
electrode material that has high reversible capacity, high rate
capability, and long lifespan is one of the key challenges in the
development of sodium secondary batteries.18,19

Currently, insertion materials,20–27 conversion materials,28–34 and
alloy materials35–41 are investigated for use as negative electrode
materials in sodium secondary batteries. Among alloy materials,
elemental phosphorus has attracted much attention due to its large
theoretical capacity (∼2596 mAh g−1) and moderate operating
voltage.42 However, the extremely low electronic conductivity of
red phosphorus (10−14 s cm−1) and the stress caused by the volume
expansion after sodiation, which is accompanied by pulverization,
result in a short cycle life.43 The use of binary phosphides such as
Sn4P3,

44 GeP5/C,
45 FeP4,

46 and CuP2/C
47 has been reported to

alleviate the aforementioned problem by providing electronic con-
duction pathways and buffering the large volume change.
Nevertheless, the limited abundance of metals such as tin and the

moderate cyclability motivates researchers to investigate other
binary phosphides.

Recently, SiP2 has emerged as a desirable candidate for a
negative electrode in sodium secondary batteries, as it consists
of abundant elements and exhibits a high theoretical capacity of
1780 mAh g−1, assuming Si and Na3P are completely charged
species. A previous study on SiP2 revealed a high discharge capacity
of 843 mA h g−1 in the first cycle, but rapid capacity fading occurred
in the subsequent cycles.48 Better cyclability was achieved by ball-
milling SiP2 with carbon black49 and multiwalled carbon nanotubes
(MWCNT).50 However, the introduction of a large amount of carbon
materials increases the specific surface area, thus accelerating
electrolyte decomposition during the first charging step and a low
initial Coulombic efficiency. Amorphization of compounds some-
times improves the capacity owing to the formation of random
reaction pathways.51,52 Crystalline silicon is known to be inactive for
sodiation, but amorphous silicon has demonstrated a capacity of
80 mAh g−1.53 Hence, amorphous SiP2 carbon composite is a
potential negative electrode to achieve high electrochemical perfor-
mance for sodium secondary batteries.

Appropriate choice of the electrolyte is crucial to obtain high
performance, long cycle life, and safety in secondary batteries.12,54–56

Ionic liquids (ILs) have been widely developed and applied in
batteries due to their advantages of extremely low vapor pressure,
high thermal stability, low melting point, and wide electrochemical
window compared with traditional organic solvents.57–59 Some studies
showed the superior performance in IL than organic electrolytes.60,61

A full cell fabricated with Na0.44MnO2 with hard carbon demonstrated
better cyclability and lower charge transfer resistance in
Na[FSA]-[C3C1pyrr][FSA] than the conventional NaClO4 in EC/
DEC organic electrolyte.62 Moreover, some composite materials like
Sb2S3/graphene

63 and SnO2/graphene
64 exhibited improved rate and

cyclability using ILs than organic electrolytes at both 25 °C and 60 °
C. The role of the IL electrolyte in the formation of a robust and stable
solid electrolyte interface (SEI) film is also an important factor to be
considered in improving the long-term cycle stability of the
battery,65–69 which is manifested in the conversion based negative
electrode with the serious problem of volume expansion.70,71

Moreover, intermediate temperature operation with ILs, achieved byzE-mail: k-matsumoto@energy.kyoto-u.ac.jp
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the economical use of waste heat, greatly improves the ion transport
and interfacial reactions, which is highly desirable in high-power-
density applications.72–74 Recently, a diverse range of ILs have been
explored as electrolytes for sodium secondary batteries75–77; in
particular, the Na[FSA]–[C3C1pyrr][FSA] IL exhibits high perfor-
mance for this purpose.78,79 It has been demonstrated that
Na[FSA]–[C3C1pyrr][FSA] (2:8 molar ratio, ILFSA) has electroche-
mical window of 5.2 V and ionic conductivity of 19.8 mS cm−1 at
90 °C and exhibits stable Na metal deposition/dissolution.80,81 This
electrolyte also derives high cyclability and rate performance of
phosphorus-based compounds (Sn3P4,

28 CuP2/C,
82 V4P7/5P

83) owing
to the robust SEI layer formation, low interfacial resistance, and high
ionic conductivity. The Na salt concentration around 1 M for this IL
electrolyte also makes comparison of electrochemical data with other
cases easier. In this work, the phosphide chemistry in an IL electrolyte
is extended to SiP2, and the electrochemical behavior of the SiP2/C
negative electrode in the ILFSA is investigated at 25 °C and 90 °C.

Experimental

Material preparation.—The silicon phosphide (SiP2) sample was
prepared by high-energy ball-milling (HEBM) of Si (Kojundo
Chemical Laboratory, purity 99.9%) and phosphorus powder
(Wako Pure Chemical Industries, purity 98%) in a stoichiometric
ratio (1:2 in mol) under Ar atmosphere with a ball to powder weight
ratio of 35:1. The ball-milling process was carried out at 800 RPM
for 5, 10, and 20 h to optimize the reaction time for the formation of
SiP2. The resulting powder was collected from the vessel and ball-
milled again with either 20% or 30% weight ratio of acetylene black
(AB; Wako Pure Chemical Industries) separately under the same
conditions for 3 h to obtain the SiP2/C composite. The effect of ball-
milling time on crystallinity was also investigated.

Characterization.—The X-ray diffraction (XRD) patterns of the
samples were obtained on a Rigaku SmartLab diffractometer (CuKα
(1.5418 Å), 40 kV–30 mA) under Ar atmosphere. The samples were
sealed in an airtight cell with Be windows under an Ar atmosphere
and set on the diffractometer. The XRD patterns were recorded in
the 2θ range of 20–70°. X-ray photoelectron spectroscopy (XPS)
measurements were carried out using a JEOL JPS-9010 spectrometer
(MgKα, 10 kV–10 mA). The spectra were calibrated by using C1s
(284.5 eV) as a reference. The particle size and morphology were
determined by scanning electron microscopy (SEM; Hitachi SU-
8020), and elemental mapping analysis was performed by energy-
dispersive X-ray spectroscopy (EDX; Horiba EMAX Evolution X-
max), respectively.

Cell fabrication and electrochemical characterization.—The
negative electrode was prepared by mixing the active material
(SiP2/C), AB, and polyamide-imide binder (75:15:10 by weight) in
N-methyl-2-pyrrolidone (NMP; Wako Pure Chemical Industries,
purity 99%) using a planetary centrifugal mixer (AR-100, Thinky).
The resulting slurry was cast on Al foil (20 μm) and dried under
vacuum at 90 °C for 10 h in an oven and on a vacuum line at 110 °C
for 48 h. The loading mass of active material was in the range of
0.75–1 mg cm2. ILFSA was prepared by mixing the two pre-dried
salts (Na[FSA], Mitsubishi Materials Electronic Chemicals Co., Ltd,
purity >99%; [C3C1pyrr][FSA], Kanto Chemical Co., Inc., purity
>99.9%), in a 2:8 molar ratio and further vacuum-dried at 90 °C for
24 h. An organic electrolyte of 1 M Na[FSA] in ethylene carbonate/
dimethyl carbonate (1:1 v/v) (ORGFSA) was also used for compar-
ison. A glass fiber filter (Whatman, GFA, 260 mm in thickness and
16 mm in diameter) was used as a separator. A sodium metal disc
(Aldrich, purity 99.9%) was used as the counter electrode. The coin
cell (2032-type) was assembled in a glove box filled with Ar (O2 <
1 ppm, dew point: <−90 °C) for measuring the electrochemical
performance.

Electrochemical performance was measured using a HJ1001SD8
charge-discharge test device (Hokuto Denko). All the coin cells were

held at the open-circuit voltage for least 3 h in an ESPEC thermo-
static chamber before the measurements.

For ex situ XRD measurements, the electrodes were charged and
discharged to the desired voltage, recovered by disassembling the
coin cell, rinsed with tetrahydrofuran, and dried under vacuum for
several hours prior to the measurements. Electrochemical impedance
spectroscopy (EIS) was performed on a VSP potentiostat (Bio-
Logic) at 25 °C and 90 °C over the frequency range from 100 mHz
to 100 kHz, with an AC amplitude of 20 mV. The symmetric cells
were prepared using 2032 coin cells by replacing sodium metal with
SiP2/C in normal half-cell configurations. EIS profiles were obtained
at 0.5 V in the charging step of the (n + 1)th cycle (n = 1, 3, 10, 50).

Results and Discussion

Three reaction times (5, 10, and 20 h) for ball-milling silicon with
phosphorus were tested to prepare SiP2, and a ball-milling time of
20 h was found to be necessary to complete the reaction (Fig. S1,
supplementary information is available online at stacks.iop.org/JES/
167/070514/mmedia). The SiP2 peaks appeared after 10 h of ball-
milling, and the Si peaks completely disappeared after 20 h. The
following experiments were conducted for the SiP2 sample with 20 h
of ball-milling. The resulting SiP2 was further ball-milled with
conductive carbon in SiP2:C ratios of 80:20 and 70:30 (SiP2/C
(80:20) and SiP2/C (70:30)) to enhance the electronic conductivity.
The XRD patterns of the as-prepared SiP2, SiP2/C (80:20) and
SiP2/C (70:30) are shown in Figs. 1a–1c, respectively. All the
diffraction peaks of SiP2 were indexed to the pyrite-type SiP2
phase.84 However, after ball-milling with AB, all the SiP2 peaks
disappeared in the spectra of both the SiP2/C (80:20) and SiP2/C
(70:30) powders, indicating amorphization of the material. This
phenomenon is commonly observed85–87 during ball-milling under
intense conditions due to the continuous heavy impact and abrasion
of the particles.

Figure 2 shows the XPS profiles of (a) SiP2/C (80:20) and (b)
SiP2/C (70:30) in the P 2p region. The peak around 129 eV in both
cases confirms the formation of SiP2 respectively. However, the
peaks showed a slight shift to the lower-energy side as compared to
the literature data,88 which could be due to ball-milling at a very
high speed. The peak at 132.5 eV, corresponding to the P-O-C bond,
was significantly more intense than the SiP2 peak, indicating that the
majority of the phosphorus on the particle surface is present in this
form. A recent report on a ball-milled SiP2/CNT composite also
confirmed the formation of a P-O-C bond.89 This P-O-C bond is
responsible for good cyclability as it restricts volume change and

Figure 1. XRD patterns of (a) as-prepared SiP2, (b) SiP2/C (80:20), and
(c) SiP2/C (70:30). The reference pattern of pyrite-type SiP2

84 is shown for
comparison.
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provides high electrical conductivity, which preserves interparticle
connectivity even after long-term cycling.90–92

Figure S2 shows the SEM images and EDX maps of the (a, b)
SiP2, (c, d) SiP2/C (80:20) and (e, f) SiP2/C (70:30) composites,
revealing the morphological characteristics as irregular aggregates of
50–500 nm in size and uniform distribution of elements.

The galvanostatic charge/discharge profiles of the as-prepared
SiP2, SiP2/C (80:20), and SiP2/C (70:30) in ILFSA at 90 °C are shown
in Figs. 3a–3c, respectively (current density: 100 mA g−1 and
voltage range: 0.005−2.0 V). SiP2 without conductive carbon
delivered a large initial charge capacity of 1153 mAh g−1

(Fig. 3a), but the discharge capacity was merely 226 mAh g−1,
giving a Coulombic efficiency of 20%. This result could be
attributed to the difficulty in sodium extraction because of the low
electrical conductivity of SiP2. On the other hand, SiP2/C (80:20)
and SiP2/C (70:30) demonstrated high reversible discharge capa-
cities of 883 and 791 mAh g−1 with Coulombic efficiencies of 72%
and 76% in the first cycle (Figs. 3b and 3c), respectively. The

irreversible capacity was partially due to the reductive decomposi-
tion of the electrolyte on the electrode surface to form the SEI layer.
The drastic increase in the first cycle Coulombic efficiency as
compared to that of the as-prepared SiP2 suggests the important role
of the conductive carbon. The charge-discharge curves of the
subsequent cycles essentially overlapped with each other, indicating
good reversibility of the sodiation and desodiation processes in the
SiP2/C composite at 90 °C. The redox activity of SiP2 and SiP2/C
(70:30) against voltage was quantified by dQ/dV plots as shown in
Fig. S3. During the first cathodic scan of the SiP2 electrode (Fig.
S3a), the two peaks in the range between 1.0 and 1.5 V can be
attributed to electrolyte decomposition because of the irreversibility
of the peaks, and the following large peak starting at 0.13 V
corresponds to sodiation of SiP2. During the anodic process, a three
step desodiation process was observed around 0.1, 0.25, and 0.8 V.
In the second and third cycle, limited redox activities were observed
during the cathodic process detected only in the low voltage zone.
The weakened peak intensity and shifting to higher voltage during

Figure 2. XPS (P 2p) profiles of (a) SiP2/C (80:20) and (b) SiP2/C (70:30).

Figure 3. Galvanostatic charge-discharge curves of (a) as-prepared SiP2, (b) SiP2/C (80:20), and (c) SiP2/C (70:30) electrodes in ILFSA at 90 °C (rate:
100 mA g−1, voltage range: 0.005–2.000 V).
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the anodic process shows increasing polarization with cycling. On
the other hand, better reversibility was observed in SiP2/C (70:30)
case. In the first cycle, two small peaks corresponding to the
electrolyte decomposition around 1.3 and 1.0 V and one sodiation
peak at 0.2 V were observed during the cathodic process (Fig. S3 b).
Subsequently, the desodaition took place with three steps at 0.1, 0.4
and 0.65 V. The sodiation and desodiation was reversible in the
second and third cycles, indicating the important role of AB to
maintain the redox activity.

Figure 4 represents the rate capability and cyclability of SiP2/C
(80:20) and SiP2/C (70:30) with ILFSA at 90 °C. The SiP2/C (70:30)
showed superior rate performance to that of SiP2/C (80:20), with a
discharge capacity of 790 mAh g−1 at 100 mA g−1, 740 mAh g−1 at
500 mA g−1, 710 mAh g−1 at 1000 mA g−1, and 420 mAh g−1 at
8000 mA g−1, as shown in Fig. 4a. Figure 4b shows the cycling
performance of SiP2/C (80:20) and SiP2/C (70:30) at 500 mAg−1,
after electrochemical activation for the first three cycles at
100 mA g−1. The SiP2/C (70:30) composite exhibited stable cycling
with more than 65% capacity retention after 300 cycles, with a
Coulombic efficiency of 99.7%. Although high capacity was
observed for SiP2/C (80:20) during the initial cycles, severe capacity
degradation was observed in the first 100 cycles with a large
fluctuation in the Coulombic efficiency. The superior performance of

SiP2/C (70:30) over that of SiP2/C (80:20) was attributed to the
restriction of pulverization owing to the presence of a P-O-C bond
and the high electronic conductivity with the 30% conductive carbon
in the composite. Therefore, further investigations were carried out
only on SiP2/C (70:30) as described below.

The electrochemical performance of SiP2/C (70:30) at 25 °C was
compared between the Na[FSA]-based organic electrolyte, ORGFSA

(see Experimental section for details on this electrolyte) and ILFSA

(∼1 M). Figures 5a and 5b show the charge–discharge curves of
SiP2/C (70:30) in ORGFSA and ILFSA, respectively, for the initial 5
cycles. Although the charge capacity with ORGFSA in the first cycle
was similar to that of ILFSA, the discharge capacities in the second
cycle were significantly different from each other (400 mAh g−1 in
ORGFSA and 600 mAh g−1 in ILFSA), indicating the different
functionality of the two electrolytes. This observation agrees with
those in previous reports; ILFSA was reported to provide a uniform
and robust SEI layer with electrode materials such as elemental
phosphorus and metal phosphides.28,71 According to previous
work,49 better performance of SiP2/C (60:40) was obtained with
an organic electrolyte. The different behavior is considered to arise
from the larger carbon content and the use of a fluoroethylene
carbonate additive. Other electrochemical tests with ILFSA also
showed considerably superior performance of SiP2/C (70:30) at

Figure 4. (a) Rate capability of SiP2/C (80:20) and SiP2/C (70:30) electrodes at 90 °C (rate: 100–8000 mAg−1) and (b) cyclability at 90 °C (rate: 500 mAg−1,
first three cycles at 100 mAg−1).

Figure 5. Galvanostatic charge-discharge curves of SiP2/C (70:30) at 25 °C with (a) ORGFSA and (b) ILFSA (rate: 100 mA g−1, voltage range: 0.005–2.000 V).
(c) rate capability test (rate: 100–8000 mA g−1) with ILFSA, and (d) cyclability (rate: 200 mAg−1, initial three cycles at 100 mA g−1) with ILFSA. The Coulombic
efficiency in the 41st cycle in (c) is 126.7%.
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25 °C. In the rate test, capacities of 540, 340, 240, and 30 mAh g−1

were obtained at 100, 500, 1000, and 8000 mA g−1, respectively
(Fig. 5c). SiP2/C (70:30) also exhibited high cyclability at the rate of
500 mA g−1 over 200 cycles (Fig. 5d), as characterized by the 73%
capacity retention. The aforementioned results suggest that the
SiP2/C (70:30) is suitable for use as a high-performance negative
electrode with long term cyclability and high-rate applications at
both 25 and 90 °C.

To elucidate the difference in cyclability observed in IL and
organic electrolytes, EIS measurements were performed on a
Na∣∣SiP2/C half-cell with cycling and a symmetric cell
SiP2/C∣∣SiP2/C after one cycle using ILFSA and ORGFSA. The EIS
results were compared for the SiP2/C(70:30) electrode charged to
0.5 V. Figures 6a and 6b show the Nyquist plots for the Na∣∣SiP2/C
half-cell during cycling at 25 °C with ILFSA and ORGFSA, respec-
tively. With progressive cycling, the interfacial resistance for ILFSA

considerably decreased, whereas that for ORGFSA increased.
Figure 6c shows the Nyquist plots for Na∣∣SiP2/C with ILFSA during
cycling at 90 °C. The interfacial resistance reduced significantly at
90 °C as compared to that at 25 °C, because of the low interfacial
resistance offered by sodium metal at 90 °C.65 The high rate
capability obtained at 90 °C could be explained by this result.
Figure 6d shows the Nyquist plots of the SiP2/C∣∣SiP2/C symmetric
cell after 1 cycle at 25 °C with the ILFSA and ORGFSA electrolytes.
The use of a symmetric cell is preferable to exclude the effects of the
sodium metal counter electrode. Two semicircles were observed in

both cases, with a sloping curve denoting the diffusion behavior. The
EIS curves were well-fitted by the corresponding parameters
according to the equivalent circuit in the inset of Fig. 6d (see
Table SI and Table SII for the optimized parameters for symmetric
cell and half-cell, respectively). The R2 value was similar in both the
cases, but R3 was considerably higher for the organic electrolyte.
The characteristic frequencies accompanying R2 and R3 decreased in
the high- and low-frequency regions, respectively. The resistances at
high and low frequencies are generally related to the surface film
layer resistance and charge transfer resistance, respectively.65 Thus,
it can be suggested that the increase in charge transfer resistance
after cycling may be the reason behind the poor cyclability in the
organic electrolyte.

The mechanism underlying the electrochemical reactions for
SiP2/C (70:30) in ILFSA at 90 °C was investigated by ex situ XRD
analysis (Fig. 7). The SiP2/C (70:30) electrode is amorphous before
the reactions, as shown in Fig. 1b, but some unknown peaks were
observed at 23.9° and 46.7° in the pristine electrode, which may
arise from the impurity introduced during the electrode washing or
XRD measurements. After charging and discharging, no new peak
appeared in the XRD patterns, indicating that all the products are
amorphous. This reaction mechanism is different from the pre-
viously reported one, which suggested the formation of Na3P and
NaSi6 during the charging process and re-formation of amorphous
SiP2 and phosphorus during the discharge process.49 Differences in
the crystallinity of the electrode material, reaction temperature, and

Figure 6. Results of EIS tests for the SiP2/C (70:30) electrode. (a)–(c) Nyquist plots of the Na∣∣SiP2/C cell with cycling at (a) 25 °C with ORGFSA, (b) 25 °C
with ILFSA, and (c) 90 °C with ILFSA (inset magnified view). (d) Nyquist plots of SiP2/C∣∣SiP2/C symmetric cell at 25 °C with ORGFSA and ILFSA. For (a)–(c),
galvanostatic charge-discharge was performed in the half-cell at a rate of 100 mA g−1 in the first 10 cycles and 500 mA g−1 in 11–50 cycles. EIS measurements
were performed at 0.5 V during charging, in the n + 1 cycle (n = 1, 3, 10, 50). For the symmetric cell impedance in (d), the electrodes were charged and
discharged for 1 cycle and charged again to 0.5 V in half cells and disassembled for preparation of the symmetric cells.
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electrolyte possibly cause such differences. The large capacity
attained at 90 °C led to a deeper charging state and affected the
reaction mechanism (e.g. 790 mAh g−1 at 100 mA g−1).

Conclusions

SiP2, SiP2/C (80:20), and SiP2/C (70:30) were prepared by high-
energy ball-milling and investigated for use as negative electrodes in
sodium secondary batteries. SiP2/C (70:30) demonstrated better
performance than did SiP2/C (80:20), with high capacity of 420 mAh
g−1 at a high rate of 8000 mA g−1 and 65% capacity retention after
300 cycles at 90 °C in ILFSA. The charge-discharge curves of SiP2/C
(70:30) at 25 °C showed stable cyclability and higher discharge
capacity in the case of ILFSA than in the case of ORGFSA. The
presence of P-O-C bond, enhanced ionic conductivity of IL and the
low interfacial resistance with cycling are suggested to be the reasons
for the good performance observed in ILFSA. Symmetric cell EIS
measurements on SiP2/C∣∣ILFSA∣∣SiP2/C at 25 °C revealed significantly
lower charge transfer resistance than that of SiP2/C∣∣ORGFSA∣∣SiP2/C
after one cycle. The products after charging and discharging were
found to be amorphous for SiP2/C (70:30), in contrast to a previous
study where crystalline Na3P and NaSi6 were observed after first
charging. This difference might occur due to differences in the
crystallinity of the starting active material and electrolyte as well as
the higher depth of charge. The detailed study of charge discharge
mechanism is a matter of future investigation. In this report, the
obtained results clearly states that the utilization of ionic liquid is
beneficial for sodium secondary batteries enabling high performance of
SiP2/C (70:30) and promoting safer operations.
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