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Abstract. This study investigated the properties of mesocarbon anodes in the
half-cell of sodium-ion batteries. The behavior of mesocarbon was examined
using electrochemical methods. Cyclic voltammetry (CV) was applied with var-
ious scan rates to reveal the anodic-cathodic voltage and peak current. The CV
profile allowed for predicting the energy storage mechanism of sodium ions in
mesocarbon. The CV measurement of the half-cell Na | mesocarbon demon-
strated the intercalation and de-intercalation of sodium ions in the graphene inter-
layer at 0.01 V and 0.12 V, respectively. Based on the Power law, the kinetics of
sodium ion movement was controlled by the diffusion-dominant reaction. After
25 cycles, the electrochemical impedance spectroscopy (EIS) spectra exhibited
increasing resistances in the solid-electrolyte interface (Rsgy) and charge transfer
(Rct), ranging from 53.8 to 65.6 Q2 and 42.6 to 229 €, respectively. Considering
the charge/discharge rate capability in the first five cycles, the mesocarbon could
deliver a specific capacity of discharge of 42 mAh/g at 0.1 C and retain 73% of
its capacity after 25 cycles.
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1 Introduction

The increasing market demands on the availability of power sources have greatly moti-
vated the rechargeable batteries development. Lithium-ion batteries (LIBs) have been
showing the best performance as devices for an energy storage system for three decades
because of their high capability to store energy for long life cycles [1]. However, Li
as a primary precursor of cathode materials for LIBs is in limited abundance (0.01%)
and non-uniformly distributed in the earth’s outer layer [2, 3]. Moreover, Li’s price has
increased up to 150% compared to 2018 due to the high demand for EVs [4]. Therefore,
efforts have been devoted to finding alternative rechargeable batteries.
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Sodium-ion batteries (SIBs) are a promising candidate to complement LIBs because
of their abundance level of sodium sources in the earth (2.83%), low cost, and relatively
less safety concern [5, 6]. In addition, SIBs have similar physical and chemical properties
to LIBs [7], having a sodium potential of —2.7 V approach to the lithium potential of —
3.0 V. Similar to LIBs, a typical SIBs configuration is a cathode, anode, separator, and
electrolyte. The performance of SIBs strongly depends on the electro-active materials
properties for cathode and anode [1].

In the field of anode materials, SIBs has employed carbonaceous materials, transition
metal oxides, and intermetallic and organic compound [5]. Graphite as a carbon-based
materials are the anode choice for LIBs by condering their high gravimetric and volu-
metric capacity, and low cost. In the case of SIBs, sodium-ion faces a significant barrier
for intercalation into graphite [8] due to the thin graphene interlayer distance. Due to
the similarity mechanism with LIBs, SIBs can employ the active materials used in LIBs.
Mesocarbon microbead is one of the carbonaceous materials recognized as a superior
anode for LIBs [9]. The unique microstructure of mesocarbon offers the opportunity
to be an anode for SIBs, as observed by Alcantara et al. [10]. In this report, we ana-
lyzed the electrochemical behavior of mesocarbon anode for SIBs using electrochemical
measurements.

2 Experimental Section

2.1 Materials and Procedures

Mesocarbon powder was obtained from KGC, Ltd, Indonesia. Materials used from
Sigma Aldrich were acetylene black, polyvinyl-pyrrolidone (PVDF), ethylene carbonate
(C3H403), dimethyl carbonate (C3HgO3), and sodium perchlorate (NaClO4). Sodium
metals were obtained from Merck. All chemical reagents were used without further
treatment. The mesocarbon anode was made by blending 85 wt.% mesocarbon and 5
wt.% acetylene black in 10 wt.% polyvinyl-pyrrolidone under mechanical stirring and
the slurry was formed. Furthermore, the slurry was coated on an aluminum foil surface
and then heated at 80 °C for 24 h. The mesocarbon-coated aluminum was punched into
a 16 mm diameter coin shape and heat treated in a vacuum environment at 120 °C for 4
h.

2.2 Characterization

The observation of mesocarbon morphology was carried out using a SEM (scanning
electron microscope, Hitachi SU3500) operated at 4 kV. The microstructure of meso-
carbon was measured by X-ray diffractometer (XRD, D8 Advance), with Cu target (A
= 0.154056 nm).

2.3 Electrochemical Testing

The mesocarbon anode properties were measured in a quick assembly coin cell. The
half-cell contained mesocarbon anode with a loading mass of 4 mg/cm? and a mixture



40 D. Idamayanti et al.

of NaClO4 1 M in C3H403, and C3HgO3 (1:1) as electrolyte. Separator used in this study
was Whatman GF/C and sodium foil as a counter electrode and reference electrode. The
coin cell assembling was carried out in an ultra-high purity N»-filled glove box. CV
measurement was performed at a scan rate of 0.1 mV/s for voltage 0.001-1.5 V. EIS
measurement was carried out at frequency 1.5 MHz-1 Hz with an amplitude of 5 mV.
The GCD was measured using potentiostat/galvanostat (Corrtest CS350). The half-cell
was cycled in the voltage window from 0.001 V to 2.5 V at room temperature.

3 Results and Discussion

The SEM morphology of commercial mesocarbon is shown in Fig. 1a. As shown in
the figure, such mesocarbon has nonhomogeneous shapes consisting of spherical and
irregular particles. The XRD diffraction peak of mesocarbon (Fig. 1b) exhibits a very
sharp and symmetric (002) peak at 26.3°, which corresponds to highly ordered graphite
microcrystalline. The d-spacing value (dgg2), which is associated with graphene inter-
layer distance within mesocarbon, is simulated by a profile-fitting process and then
calculated using Bragg’s law equation as follows:

A
2sind

doo2 = (D

The mesocarbon possesses dgoz of 0.334 nm, which indicates the mesocarbon
contains a dominantly graphitic structure, as previously reported by Yan and Wang
[10].

Despite dooz spacing being too small for interlayer insertion of sodium-ion [9], the
CV curve shows that the intercalation/de-intercalation of sodium-ion may still occur
in mesocarbon for the first three cycles, as depicted in Fig. 2. It indicates a stable and
reversible reaction during the intercalation/de-intercalation. The sharp peak of cathodic
at ~0.001 V and anodic at ~0.12 V is ascribed to sodium-ion intercalation and de-
intercalation, respectively [11]. There is no solid electrolyte interface (SEI) formation
at around 0.4 V, which means the electrolyte’s decomposition does not occur or the
cathodic current is not detected.
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Fig. 1. SEM image (a) and XRD pattern (b) of mesocarbon.
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Fig. 2. Cyclic voltammogram of the first three cycles of mesocarbon anode.

At Fig. 3, the kinetic analysis of electrode material can be derived from the CV
graph for five scan rates to study the energy storage mechanism and kinetic reac-
tion. This characteristic feature can estimate the contribution of diffusion-controlled or
surface-controlled currents to the total charge measured as proposed by Ardizzone et al.
[12]. Diffusion-controlled current is attributed to intercalation/de-intercalation behavior,
while surface-controlled current is related to capacitive characteristics. Therefore, the
CV curve is represented by capacitive and diffusion currents. According to Power’s law,
the total charge (it) could be expressed through the following equation [14]:

. . . b
It = Icapacitive 1 1diffusion = aV 2

log iy =1log a+b.log v 3)

Equation (2) and (3) shows the relationship between the voltage-current response
of electrodes at various scan rates where v is the scan rate, and a and b values are
adjustable. The b-value represents the slope of the line shown in Fig. 3b. If the b-value
is 0.5, diffusion processes control the electrode kinetic. For the b-value is one, the
electrode kinetic allows the surface-controlled methods associated with capacitive and
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Fig. 3. Mesocarbon anode: (a) cyclic voltammogram, (b) the slope of Log i versus Log v at
different redox states.
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pseudocapacitive behavior [13]. Figure 3a shows the CV curves for scan rates ranging
from 0.1 to 1.0 mV/s. The anodic peaks at ~0.12 V are selected for kinetic analysis,
and a plot of the log v — log i have a linear relationship. The fitted b-value is 0.509,
indicating that the kinetic is controlled by diffusion process.

EIS was generally used to distinguish the resistance before and after cycles. The
intermediate-frequency semicircles correspond to the interface of the films’ solid-
electrolyte resistance (SEI). The second semicircles represent the charge transfer resis-
tance. Even though SEI film is not observed in the CV curve, it can be detected in the
Nyquist plot, as presented in Fig. 4a. The linear portion corresponds with Warburg,
indicating diffusion process of the sodium ions in the electrode material. The resistance
value was determined by fitting the experimental EIS graph with the proposed equiva-
lent circuit model, as shown in Fig. 4b. The resulting R, R», R3, CPE1, CPE2, and W
are the ohmic resistance, the SEI resistance (Rsgp), the charge-transfer resistance (Rey),
double layer capacitance of SEI, double layer capacitance of anode, and the Warburg
impedance, respectively.

After cycling, mesocarbon results in the Rggy and R increase from 53.8 to 65.6
and 42.6 to 229 2, respectively. The slight increase in Rggy results from the electrolyte
decomposition, which is deposited on the mesocarbon surface. It is evidenced in Fig. 5b
that the SEI film covers the whole mesocarbon surface. Before cycling (Fig. 5a), the
mesocarbon surface appears rough and porous microstructure.
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Fig. 4. Nyquist plot of the mesocarbon anode (a) and fitted Nyquist plot and circuit equivalent
model (b), comparison in fresh and after cycles

Fig. 5. SEM images of mesocarbon anode (a) before the cycle and (b) after cycles.
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Fig. 6. Specific discharge capacity at 0.1 C (a) and rate-capability of the mesocarbon anode at
different C-rate (b).

The SEI thickness mainly influences the increase of charge transfer resistance on the
mesocarbon surface compared to the fresh mesocarbon. Furthermore, the formation of
SEI leads to irreversible capacity owing to sodium-ion consumption [14], then reduces
the capacity of discharge from 42 to 35 mAh/g after five cycles, as depicted in Fig. 6.

The charge-discharge profile in Fig. 6 was measured at potential ranges of 0.001—
2.5 V. At a relatively low charge/discharge rate (0.1 C), the specific discharge capac-
ity is larger than that of charge. The discharge process is responsible for sodium-ion
intercalation into the graphene interlayer.

At a higher rate, the time during charge and discharge is insufficient to completely
intercalate/de-intercalate the sodium ion, resulting in partial sodiation and desodiation of
mesocarbon. As a charge/discharge rate increases to 0.5 C, the charge-discharge capacity
decreases to 10 mAh/g.

4 Conclusion

The observation of mesocarbon behavior as an anode for SIBs has been performed by
analyzing electrochemical results. The studied mesocarbon has a graphene interlayer
spacing (dggz2) of 0.334 nm. Nevertheless, it could still facilitate sodium-ion interca-
lating at a cathodic peak voltage of 0.001 V and de-intercalating at an anodic peak
voltage of 0.12 V. The first three cycles of the CV curve exhibit a stable and reversible
intercalation/de-intercalation. The mesocarbon kinetic is dominantly controlled by dif-
fusion processes. After charge-discharge cycling, the resistance increased because of the
formation of SEI film on the mesocarbon surface. Subsequently, the specific discharge
capacity delivers as high as 42 mAh/g at a scan rate of 0.1 C. The specific discharge
capacity decreases as the scan-rate increases.
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