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ABSTRACT
Hard carbon (HC) is receiving widespread attention as a negative electrode material for sodium secondary batteries. In this study, spherical
HC with three different diameters (1 µm, 1.5 µm, and 5 µm) are investigated using ionic liquid (IL) and organic electrolytes. The HC with a
diameter of 5 µm demonstrated the best performance with IL at 90 °C (capacities of 327mAh g−1 at 20mA g−1 and 77mAh g−1 at 2000mA g−1

and initial Coulombic efficiency of 78.9%). The HCs showed stable cycling in ILs as compared to the organic electrolytes in the first few cycles.
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1. Introduction

During the last few decades, lithium-ion batteries (LIBs) have
been widely accepted in applications for portable devices and
electric vehicles owing to their high energy and power densities and
long lifespan.1–3 However, the limited amount of Li resources in the
earth crust and seawater has motivated researchers to study post Li
chemistries such as Na-ion batteries (SIBs).4 Other major issues with
the current LIBs are the flammability and volatility of the organic
solvents used in the electrolyte, which poses safety concerns at
elevated temperatures.5–7 Ionic liquids (ILs) offer low flammability,
negligible volatility, wide electrochemical window, and high ionic
conductivity which make them promising electrolyte candidates to
construct safe and high performance LIBs as well as post LIBs.8,9

SIBs using IL electrolytes have been well studied and this system
demonstrated long cycleability and high rate capabilities at wide
temperature range.10–16

In the case of LIBs, graphitized carbon materials are considered
as the negative electrode candidates owing to their low potential,
environmentally benign nature, high stability in cycling, and low
cost.17 Unfortunately, graphite cannot be utilized in Na systems
because of the thermodynamic instability of the sodium graphite
intercalation compound.18,19 Therefore, alternative negative elec-
trode materials such as phosphorous,20 phosphides,21–23 and
carbonaceous materials24,25 such as soft carbon, amorphous carbon
materials, and carbon nanostructures have been explored. For
instance, hard carbon (HC) is intensively investigated as a negative
electrode material for SIBs.26–28 It consists of turbostratic domain
and tunable nanopores which can also provide active sites for
Na storage. In 2011, a comprehensive study conducted on the
investigation of electrochemical Na+ insertion behavior in commer-
cially available HC revealed a characteristic charge-discharge profile
consisting of sloping and plateau profiles at high (1.2–0.1V) and
low voltage (0.1–0V), respectively, providing discharge capacities

of 220mAhg¹1. Furthermore, an HC/NaNi0.5Mn0.5O2 full cell
displayed a high capacity of 200mAhg¹1 (on HC basis) and an
operating voltage of 3V at room temperature.29 In another study,
HC prepared by pyrolysis of sugar exhibited a high capacity
of ³300mAhg¹1 at 0.1C (1C = 1 Na+ in 1 h) in 1mol dm¹3

NaClO4-EC:PC (EC = ethylene carbonate and PC = propylene
carbonate).30 However, the addition of fluoroethylene carbonate
(FEC) additive severely degraded the cycleability owing to the
increased polarization. Another comprehensive study reported the
effect of HC porosity on the reversible capacity. The porosity was
controlled by adjusting the pyrolysis temperature, providing a
high reversible capacity of 335mAhg¹1 with a BET surface area
of 24.8m2 g¹1 (cf. 199mAhg¹1 with a BET surface area of
265.8m2 g¹1).31 HC in spherical morphology is a popular choice for
electrochemical investigation owing to the uniform Na+ ion flux
across the particle surface.32,33 HC microspheres prepared by
microwave synthesis using sucrose as the starting material provided
a high initial discharge capacity of 385mAhg¹1 at 30mAg¹1.34

However, there is no systematic investigation of particle size effect
of spherical HC on the electrochemical performance in SIBs.
Although various organic electrolytes were employed in SIBs,35,36

IL electrolytes have also been employed for HC negative electrode
materials in SIBs. In a preliminary study, HC with the
Na[FSA]–[C3C1pyrr][FSA] (FSA¹ = bis(fluorosulfonyl)amide and
C3C1pyrr+ = N-methyl-N-propylpyrrolidinium) IL showed a high
rate capability at 90 °C, exhibiting 211mAhg¹1 at 1000mAg¹1.37

As an extension of this work, the electrochemical performance of
HC with the Na[FSA]–[C3C1pyrr][FSA] IL was investigated in a
wide temperature range from ¹10 to 90 °C.38 A high capacity
retention of 84% was observed for 500 cycles at 90 °C. However,
the limited reversible capacity of 25mAhg¹1 was observed at 25 °C.
According to the aforementioned studies, the particle size and pore
size of HC as well as the structures of electrolytes are the key factors
to determine the reversible capacity, side reactions, and rate
capability in Na secondary batteries. Therefore, it is of great
importance to investigate these factors to systematically design HC
for practical applications.

In this study, spherical HC of three different diameters (HC-1
(diameter: 1 µm and surface area: 17m2 g¹1), HC-1.5 (diameter:
1.5 µm diameter, surface area: 17m2 g¹1), and HC-5 (diameter: 5 µm
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and surface area: 6m2 g¹1) were investigated with the Na[FSA]–
[C3C1pyrr][FSA] IL at 25 and 90 °C for SIBs. A series of control
experiments were performed with organic electrolytes with [FSA]¹

and [PF6]¹ anions in the presence/absence of FEC additive.

2. Experimental

Spherical HCs HC-1, HC-1.5, and HC-5 were provided by Air
Water Bellpearl Inc. The XRD patterns of the samples were obtained
from a Rigaku SmartLab diffractometer (CuK¡ (1.5418¡), 40 kV–
30mA). Particle size and morphology were analyzed by scanning
electron microscopy (SEM, Hitachi SU-8020). The slurry of the HC
electrode was prepared by mixing HC, acetylene black (AB), and
polyamideimide binder in the ratio of 90 : 5 : 5wt% with N-methyl-
2-pyrrolidone (Wako Pure Chemical Industries, purity >99%)
maintaining solid/liquid ratio of 4/6 w/w. The resulting slurry was
coated on Al foil using a compact sheet coating machine (Hohsen
Corp.) with a desired electrode thickness of 40 µm and subsequently
dried in a vacuum oven at 60 °C overnight and in a vacuum line at
120 °C for 10 h. The electrodes were cut into 10mm discs with an
average HC mass loading of 2mg cm¹2. Sodium metal (Aldrich,
purity 99.9%) for counter electrodes was cut into 13mm discs and
pressed on Al discs (16mm). The Na[FSA] (Mitsubishi Materials
Electronic Chemicals Co., Ltd., purity >99%) and [C3C1pyrr][FSA]
(Kanto Chemical Co., Inc., purity >99.9%) salts were dried under
vacuum at 90 °C overnight before mixing in the 2 : 8mol ratio. The
IL electrolyte was vacuum-impregnated into a separator (Whatman,
GF-A, 260mm in thickness and 16mm in diameter) for 10 h before
assembling coin cells. For control experiments, organic electrolytes
were prepared by dissolving 1mol dm¹3 of Na[FSA] (OrgFSA) or
Na[PF6] (OrgPF6) into EC : DMC (DMC = dimethyl carbonate)
(1 : 1 v/v) (Kishida Chemicals). In order to examine the effects of
the additive, 3wt% FEC (Wako Pure Chemical Industries) was
added to the freshly prepared OrgFSA and OrgPF6.

The electrochemical behavior was measured using an
HJ1001SD8 charge–discharge test device (Hokuto Denko). A two-
electrode 2032-type coin-cell was assembled in a glove box (Miwa
Manufacturing Co., Ltd., DBO-2LKH-HNBR) filled with dry and
deoxygenated Ar gas. The operating temperature was maintained at
25 and 90 °C in the case of the IL electrolyte and 25 °C in the case of
organic electrolytes.

3. Results and Discussion

The morphological and structural characterizations of the HCs
were performed using SEM and XRD as shown in Fig. 1.
Figures 1a–1c shows the SEM images of HC-1, HC-1.5 and HC-

5, respectively. The spherical morphology of the HCs can be clearly
observed and the average particle size is close to the expected value.
The surface of HC-1 and HC-5 particles is apparently smooth,
whereas surface roughness is observed for HC-1.5 (Fig. 1b).
Figure 1d shows the XRD patterns of HC-1, HC-1.5, and HC-5.
Each sample displays the broad 002 and 10 diffraction peaks
ascribed to a hexagonal lattice of graphite at 22.6 and 42.6°,
confirming the disordered HC structure with low crystallinity.

Figures 2a–2c shows the galvanostatic charge-discharge curves
of the first two cycles for HC-1, HC-1.5, and HC-5, respectively,
using the IL electrolyte at 25 and 90 °C (current density of
20mAg¹1). According to previous works,12 operation at intermedi-
ate temperatures including 90 °C effectively enhances battery
performance by using ubiquitous waste heat as confirmed in
previous works. The typical sloping behavior in the high voltage
region and plateau behavior in the low voltage region are observed
in all the cases, corresponding to Na+ insertion into the turbostratic
graphitic domain and the nanopores, respectively. At 25 °C, HC-1,
HC-1.5, and HC-5 exhibit discharge capacities of 207, 275 and
235mAhg¹1 with initial Coulombic efficiencies of 80.8, 80.4, and
86.1%, respectively. The enhanced discharge capacity for HC-1.5
can be attributed to the additional active sites, but the increased
surface activity also causes the irreversible capacity of HC-1.5
(similar to HC-1 despite the larger diameter). At 90 °C, HC-5
displays the superior initial discharge capacity of 332mAhg¹1 to
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Figure 1. SEM images of (a) HC-1, (b) HC-1.5, and (c) HC-5.
(d) XRD patterns of HC-1, HC-1.5, and HC-5.

0.0

0.5

1.0

1.5

2.0

2.5

V
ol

ta
ge

 / 
V

Capacity / mAh g−1

 25 °C 1st cycle
 25 °C 2nd cycle
 90 °C 1st cycle
 90 °C 2nd cycle

0.0

0.5

1.0

1.5

2.0

2.5

V
ol

ta
ge

 / 
V

 

Capacity / mAh g−1

 25 °C 1st cycle
 25 °C 2nd cycle
 90 °C 1st cycle
 90 °C 2nd cycle

0 100 200 300 400 5000 100 200 300 400 500 0 100 200 300 400 500

0.0

0.5

1.0

1.5

2.0

2.5

V
ol

ta
ge

 / 
V

 

Capacity / mAh g−1

 25 °C 1st cycle
 25 °C 2nd cycle
 90 °C 1st cycle
 90 °C 2nd cycle

(a) HC-1 (b) HC-1.5 (c) HC-5

Figure 2. Galvanostatic charge-discharge curves of the Na/HC cells ((a) HC-1, (b) HC-1.5, and (c) HC-5) at 25 and 90 °C using the IL
electrolyte for the first and second cycles. Current density = 20mAg¹1 and cut-off voltage = 0.005–1.4V. The capacity was calculated based
on the weight of HC in the electrode.
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291 and 317mAhg¹1 for HC-1 and HC-1.5, respectively. In terms
of initial Coulombic efficiency, HC-5 demonstrates the highest value
of 78.9%, whereas HC-1 and HC-1.5 exhibit 63.9 and 63.7%,
respectively.

Figure 3 shows the rate capabilities of HC-1, HC-1.5, and HC-5
at 25 and 90 °C using the IL electrolyte. The current density was
varied in the 20–2000mAg¹1 range and the cut-off voltage was
set to 0.005–1.4V. At 25 °C, HC-1.5 displays the highest capacity
at 20mAg¹1 (275mAhg¹1) among the HCs as shown in Fig. 3a.
However, at 50mAg¹1, the discharge capacity of HC-5
(180mAhg¹1) surpasses that of HC-1.5 (143mAhg¹1). One
possible reason for this behavior is the large porosity of the HC-5
electrode because the composite electrode of large particles usually
has more space inside, which enables facile Na+ ion transport. At
higher rates, the capacities are similar to each other and decreased
gradually with increasing the rate, although the Coulombic
efficiencies were maintained close to 100%. Regardless of the size
of HC, the rate capability at 90 °C significantly improves compared
to that at 25 °C (Fig. 3b). HC-5 demonstrates the highest capacities
in the entire current density range. Although HC-1.5 shows higher
capacities than those of HC-1 in the current density range from 20 to
100mAg¹1, it flips in the higher rates. Table 1 summarizes the
reversible discharge capacities in the fifth cycle at each rate and
initial Coulombic efficiencies at 25 and 90 °C. Overall, it can be
inferred that particle size, porosity, and operation temperature affect
the discharge capacity, irreversible capacity, and rate capability. It
is possible that a larger particle size, with a smaller surface area,
suppresses the electrolyte decomposition at 90 °C, resulting in
formation of effective solid electrolyte interphase (SEI) and allowing
facile Na+ migration through the electrode/electrolyte interface.39

As a control experiment, the charge-discharge behavior of the
HCs was analyzed in organic electrolytes OrgFSA and OrgPF6 with
and without FEC additive as shown in Fig. 4. In the case of OrgFSA
(Figs. 4a–4c), the discharge capacity in the first cycle increases with
increasing particle size, displaying 206, 253, and 292mAhg¹1 for
HC-1, HC-1.5, and HC-5, respectively. A similar trend is observed
for the initial Coulombic efficiencies (70.9, 77.1, and 81.5% in HC-
1, HC-1.5, and HC-5, respectively). In the fifth cycle, HC-5 retains
a capacity of 244mAhg¹1, whereas severe capacity fading is
observed for HC-1 and HC-1.5. In the case of OrgPF6, the discharge
capacity and Coulombic efficiency are highly improved as compared
to OrgFSA in HC-1 and HC-1.5 exhibiting 284 and 290mAhg¹1 and
81.8 and 80.4% in the first cycle, respectively. HC-5 with OrgPF6
displayed a similar capacity and a Coulombic efficiency of
289mAhg¹1 and 81.7% to those with OrgFSA. In the fifth cycle,
the capacity and Coulombic efficiency are significantly decreased,
suggesting instability of charge-discharge behavior in organic
electrolytes. According to the charge-discharge curves, the addition
of FEC additive increases polarization in any case probably due to
the formation of SEI with high resistance. From these results, it is
clearly observed that HCs with ILs provided superior cycle stability
than that in HCs with organic electrolytes.

4. Conclusion

In the present study, the electrochemical behavior of spherical
HCs with three different sizes was systematically investigated at 25
and 90 °C as negative electrode materials for SIBs using an IL
electrolyte. At 25 °C, HC-1.5 exhibits the highest discharge capacity
of 262mAhg¹1 at 20mAg¹1 among the HCs with the initial
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Figure 3. Rate capability of the Na/HC cells (HC = HC-1, HC-1.5, and HC-5) using the IL electrolyte at (a) 25 °C and (b) 90 °C. Current
density = 20–2000mAg¹1 and cut-off voltage = 0.005–1.4V. CE = Coulombic efficiency.

Table 1. Summary of the discharge capacities and initial Coulombic efficiencies for HC-1, HC-1.5, and HC-5 using the IL electrolyte at 25
and 90 °C.a

Temperature
(°C)

Discharge capacity (mAh g¹1) Initial Coulombic
efficiency (%)

HC-1
Current density (mAg¹1)

HC-1.5
Current density (mAg¹1)

HC-5
Current density (mAg¹1) HC-1 HC-1.5 HC-5

20 100 500 2000 20 100 500 2000 20 100 500 2000

25 169 76 36 6.9 262 89 45 13 235 97 36 4.2 80.8 80.4 86.1

90 291 275 177 61 317 271 81 22 327 313 241 77 63.9 63.7 78.9
aThe discharge capacity reported in this table corresponds to the fifth cycle of each current in the rate capability test in Fig. 3.
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Coulombic efficiency of 80.4%. This enhanced capacity could be
attributed to the presence of active sites on the particle surface.
Similar capacities were observed regardless of particle size at high
rates. At 90 °C, HC-5 demonstrated superior discharge capacity and
rate capability (327 and 77mAhg¹1 at 20 and 2000mAg¹1,
respectively). In the cases of organic electrolytes, higher capacities
and higher Coulombic efficiencies were observed with OrgPF6 than
with OrgFSA, and the introduction of the FEC additive degraded the
performance by increasing the polarization in both cases.
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