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a b s t r a c t

Performances of electric double layer capacitors (EDLCs) based on an activated carbon electrode with ace-
tonitrile (ACN), propylene carbonate (PC), or a ternary electrolyte, i.e., PC:ethylene carbonate (EC):diethyl
carbonate (DEC), at 1 mol dm−3 of magnesium perchlorate [Mg(ClO4)2] salt have been investigated.
The electrochemical responses were studied by impedance spectroscopy, cyclic voltammetry, and gal-

◦
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ithium salt
ctivated carbon

vanostatic charge–discharge experiments at 25 C in a three-electrode configuration. For a comparative
evaluation, lithium perchlorate (LiClO4) salt-based systems were also evaluated. All the observed results
showed typical EDLC characteristics within the potential range between 0 and 1 V vs. an Ag/Ag+ reference
electrode. The Mg-based systems exhibited similar or rather better performances than the corresponding
Li-based electrolytes; in particular, the rate capability of Mg-based ACN and PC electrolytes was much bet-
ter than the corresponding Li-based electrolytes, indicating the high accessibility and utility of activated

Mg io
pecific capacitance carbon pores by solvated

. Introduction

During the last three decades, considerable interest has been
ocused on the development of electrochemical capacitors for
nergy storage devices and hybrid electric vehicles. Electric dou-
le layer capacitors (EDLCs) have been widely adopted due to
heir conventional applicability [1]. A major constituent of EDLC
lectrode materials is carbonaceous materials. The materials are
idely applied in different and still attractive forms. Among them,

ctivated carbon is one of the most promising electrode materi-
ls because of its low cost, high surface area, structural stability
nd electrochemical inertness within a wide potential window [2].
heir capacitance change emerges with a difference not only in the
urface area but also in their pore size distribution (PSD), i.e., meso-
nd micro-pore proportions [3–5].

In order to achieve a high energy density EDLC, an organic
lectrolyte system is considered instead of aqueous electrolytes.
arious organic solvents have been applied to non-aqueous
ystems, which offer sufficient electrochemical stability and com-

ercial applications. In particular, cyclic and aliphatic carbonates

uch as propylene carbonate (PC), ethylene carbonate (EC) and
iethyl carbonate (DEC) have been extensively studied in secondary
attery and capacitor applications [6]. Acetonitrile (ACN) has higher

∗ Corresponding author. Tel.: +81 6 6368 0952; fax: +81 6 6368 0952.
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conductivity than other conventional organic solvents, but its use
is ill-advised due to its toxic nature [7].

Li-based electrochemical systems have played a vital role
for the past three decades due to their high specific energy
densities. Unfortunately, they have certain drawbacks such as
requiring unconventional handling and being high cost economi-
cally. Accordingly, magnesium (Mg) electrochemistry has attracted
interest in electrochemical research and development due to its
electrochemical properties, abundance of resources, low cost and
low environmental hazardousness [8]. Mg-based systems have a
specific capacity between lithium (Li) and nickel–cadmium (Ni–Cd)
systems [9]. Nonetheless, their usage has been limited due to slower
Mg-ion diffusion and non-conductive film formation during the cell
cycling, which reduces cell capacity cycle by cycle [10]. Therefore,
we have to optimize the working nature of Mg-based systems by
modification of electroactive components [11] and also consider
merits like Mg-ion stability, its small ionic size and lower reactivity
than elements of the alkali metal series [12].

Very few reports on Mg-based electrolytes in electrochemical
capacitors can be found in the literature; these reports evi-
denced the role of Mg salts in polymer and aqueous electrolytes
[1,13,14]. Though satisfied the conduction level of Mg-based

polymer electrolytes was accomplished due to its high carrier
concentration compensating for its slow mobility, which lifts the
conductivity to the level of Li-based systems [15], there is no
relevant report available on an Mg electrolyte system for acti-
vated carbon-based organic EDLC cells. In this article, we focus

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:masaishi@ipcku.kansai-u.ac.jp
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n the design and characteristics of an electrochemical capacitor
y using an Mg-based electrolyte to explore its utility for EDLC
pplications.

. Experimental

The starting materials, activated carbon (NK260, Kuraray Chem-
cal Co., Ltd., specific surface area: 2040 m2 g−1, average pore
iameter: 1.92 nm) and carbon black (Denka Black, Denki Kagaku
ogyo Co., Ltd.) were dried at 120 ◦C for 12 h before use. The elec-

rodes were prepared by mechanically mixing activated carbon
ith carbon black and polyvinylidene fluoride (PVdF) as binder

n N-methylpyrrolidinone (NMP) at a weight ratio of 8:1:1. The
btained slurry was coated on a platinum sheet with a thickness
f around 200 �m in a 1 cm2 area and dried at 120 ◦C for 12 h
nder a vacuum condition. The thickness of the heated electrodes
as kept approximately between 50 and 60 �m and the weight

f the activated carbon was adjusted between 2 and 3 mg, which
xcluded carbon black and binder weight. A typical symmetric
orm capacitor was assembled in a home-made square-type Teflon
hree-electrode cell with the two carbon electrodes, which were
eparated by a glass fiber separator (GB100R, Toyo Roshi Kaisha
td.). An Ag/Ag+ electrode in an AgNO3-saturated ACN solution
as used as a reference electrode. The Mg perchlorate [Mg(ClO4)2]

Wako Chemical Co., Ltd.) based electrolytes containing dif-
erent organic solvents were applied. The prepared electrolyte
ystems were as follows: (i) 1 mol dm−3-Mg(ClO4)2-ACN, (ii)
mol dm−3-Mg(ClO4)2-PC, (iii) 1 mol dm−3-Mg(ClO4)2-EC:DEC:PC

1:1:1, v/v/v), (iv) 1 mol dm−3-LiClO4-ACN, (v) 1 mol dm−3-LiClO4-
C, and (vi) 1 mol dm−3-LiClO4-EC:DEC:PC (1:1:1, v/v/v); hereafter
ol dm−3 is abbreviated to M.
All the electrochemical experiments were carried out using

Solartron 1480 multistat-electrochemical analyzer with Cor-
ware II software (Scribner Associates) at temperature 25 ◦C.
lectrochemical impedance spectroscopy (EIS) was performed in a
requency range from 20,000 to 0.01 Hz at a sinusoidal source with
n amplitude of 10 mV. The specific capacitance C (F g−1) from the
IS plots was calculated from the formula: C = −2/(2�fZ′′m), where
′′ is the imaginary part of the total complex impedance (�), m is
he working (positive) electrode weight, and f is the frequency (Hz).
yclic voltammetry (CV) experiments were carried out in a poten-
ial window between 0 and 1 V at scan rates of 10 and 50 mV s−1.
he specific capacitance C (F g−1) was calculated by using the equa-
ion: C = i/(mv), where i is an average value of anodic–cathodic
urrents, m is the working (positive) electrode weight, and v is
he corresponding scan rate. Galvanostatic charge–discharge of the
lectrode was performed at different current densities specifically
t 500, 1000, 2000 and 3000 mA g−1. The specific capacitance C
F g−1) was calculated from the obtained charge–discharge curves
y using the formula: C = I�t/�Vm, where I is the applied cur-
ent, �t is the time period, and �V is the operation potential
idth.

. Results and discussion

Fig. 1(a) shows Nyquist plots for the capacitors based on the
g electrolytes, and Fig. 1(b) shows them for the behavior with

he corresponding Li electrolyte-based systems. It is clearly shown
hat typical carbon-based EDLC impedance plots are observed in all
ystems, i.e., a high-frequency semicircle with a low-frequency line

o the tail end. This implies that the Mg electrolytes are applicable
o EDLC just like the Li electrolytes. Curves 1, 2 and 3 in Fig. 1(a)
epresent the plots for the cells based on 1 M Mg(ClO4)2 in ACN, PC
nd EC:DEC:PC (1:1:1) electrolytes, respectively. An internal resis-
ance (Rs, intercept point to the real axis), which is derived from
Fig. 1. Complex impedance–Nyquist plots for the activated carbon cells with (a)
Mg-based electrolytes and (b) Li-based electrolytes.

the electroactive components and the electrical circuit of EDLC
[16], is found to be 0.36, 1.75 and 0.41 � for the cells based on
the electrolytes 1 M Mg(ClO4)2 in ACN, PC and EC:DEC:PC (1:1:1),
respectively, whereas the observed Rs values for the respective
LiClO4 electrolyte-based cells are 0.45, 0.89 and 0.92 �. They all
show favorably low resistivity.

A polarization resistance RP was determined from the apparent
diameter of a semicircle from an impedance curve. The measured RP
values are 0.56, 1.33 and 1.38 � for the Mg-based cells while 0.52,
5.10 and 0.88 � for the Li-based systems. Usually, a lower value
of RP is more pronounced ideal double layer capacitive behavior.
A considerable solvent effect on the resistance is observed when
ACN-based systems are compared with PC-based cells, which is
absolutely due to the viscosity of the corresponding electrolytes
(see viscosities in Table 1). They are reflected in the penetration
process of ions into an electrode from the mid to low frequency
regions [7,17].

In the low frequency region, observed are not only lower resis-
tance (along the real axis) but also a smaller imaginary value of
the Mg-based systems than the Li-based systems; the latter means
higher capacitance by the Mg-based electrolytes when compared
to the Li-based electrolytes. From these impedance data, specific

capacitance values are found to be 219.6, 180.2 and 176.0 F g−1 for
the cells based on 1 M Mg(ClO4)2-ACN, -PC and -EC:DEC:PC (1:1:1),
while the values are 198.0, 154.1 and 237.8 F g−1 for the cells based
on 1 M LiClO4-ACN, -PC and -EC:DEC:PC (1:1:1), respectively. These
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Table 1
Selected specific capacitance for Mg and Li electrolyte-based EDLCs and their elec-
trolyte viscosity.

Electrolyte system Charge–discharge rate (mA g−1)

500 1000 2000 3000 Viscosity
(mPa s) at 25 ◦C

Capacitance (F g−1)

Mg electrolyte
1 M-Mg(ClO4)2-ACN 161.6 154.6 147.2 142.2 1.62
1 M-Mg(ClO4)2-PC 147.9 137.4 118.0 111.6 29.20
1 M-Mg(ClO4)2-EC:DEC:PC 169.5 162.0 148.0 144.1 18.80

Li electrolyte

v
c
v
L
t
t
s
s

F
t
a
t
(

is obtained for the EC:DEC:PC-based Mg electrolyte (177.7 F g ) at

F
a

1 M-LiClO4-ACN 143.6 134.0 115.2 106.8 0.88
1 M-LiClO4-PC 126.5 113.4 100.8 95.4 8.02
1 M-LiClO4-EC:DEC:PC 176.1 175.0 171.0 174.0 5.05

alues suggest that capacitances generated in the Mg systems are
omparable to those obtained in the Li systems; surprisingly, some
alues based on Mg are rather higher than those observed in the
i systems. These calculated capacitances under a small polariza-
ion condition (10 mVp-p) are sometimes not strictly correlative to
he values by macroscopic polarization, such as CV and galvano-
tatic cycling. Therefore, we should also confirm capacitances in
uch conditions.

Fig. 2(a)–(d) shows the typical recorded CVs of the capacitors:
ig. 2(a) and (c) represents the capacitors containing the Mg elec-

rolytes at scan rates of 10 and 50 mV s−1, respectively, whereas (b)
nd (d) displays the capacitors based on the corresponding Li elec-
rolyte systems. At the lower scan rate of 10 mV s−1 [Fig. 2(a) and
b)], although fairly ideal capacitive behavior is observed in both the

ig. 2. Typical cyclic voltammograms for the cells based on 1 M Mg(ClO4)2 in AN, PC and E
nd EC:DEC:PC (1:1:1) at (b) 10 mV s−1 and (d) 50 mV s−1.
er Sources 195 (2010) 662–666

Mg and Li systems, there is an I–V variant at the terminal potentials
(0 and 1.0 V), except for the Mg(ClO4)2-ACN and LiClO4-EC:DEC:PC
systems. That would be ascribed to diffusion limitation in meso-
and micro-pores at scan direction switching. Ion penetration at the
pores must be more difficult at a higher scan rate of 50 mV s−1, and
hence noticeable current distortion as shown in Fig. 2(c) and (d)
[18,19]. Note that the observed good exceptions, Mg(ClO4)2-ACN
and LiClO4-EC:DEC:PC systems, correlate with the overall lowest
impedance systems in Fig. 1.

The PC-based systems show lower current density than the
others with regard to the respective cations. This effect would
reflect low accessibility of PC-solvated ions at carbon electrodes as
observed also in the impedance measurement (Fig. 1). No evidence
of redox currents and uniform I–V responses in the sweep region
are observed during repeated runs, indicating dominant electric
double layer capacitance. The calculated specific capacitance val-
ues are 170.9 and 150.4 for ACN-, 148.4 and 114.8 for PC-, 177.7
and 136.5 F g−1 for EC:DEC:PC-Mg salt systems at the scan rates of
10 and 50 mV s−1, respectively. These values for the Mg systems
are mostly higher than the corresponding Li-based system values;
the calculated specific capacitances of the Li-based cells are 145.0
and 113.8 for ACN-, 124.7 and 96.8 for PC-, 169.0 and 148.0 F g−1

for PC:EC:DEC-based cells at the respective scan rates of 10 and
50 mV s−1. It is notable that the ternary solvent systems exhibit
comparable or rather higher capacitances than ACN-based systems,
especially at the lower scan rate. Overall, the highest capacitance

−1
10 mV s−1.
The electrochemical storage behaviors of EDLCs were also

examined under constant-current charge–discharge conditions.
Fig. 3(a)–(f) shows voltage–time (V–t) response of the Mg

C:DEC:PC (1:1:1) at (a) 10 mV s−1 and (c) 50 mV s−1; based on 1 M LiClO4 in AN, PC
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ig. 3. Galvanostatic charge–discharge curves for capacitors with Mg-based electr
t (d) 500 mA g−1, (e) 1000 mA g−1 and (f) 3000 mA g−1.

Fig. 3(a)–(c)] and Li [Fig. 3 (d)–(f)] electrolyte-based capacitors
t current densities: 500, 1000 and 3000 mA g−1. Almost linear
–t dependence demonstrates the typical double layer capacitive
ehavior of the cells. The curves in Fig. 3(a) represent the behav-

ors of the cells with 1 M Mg(ClO4)2-ACN, -PC and -EC:DEC:PC at the
owest charge–discharge rate of 500 mA g−1, where their respective
pecific capacitances are 161.6, 147.9 and 169.5 F g−1. The cor-
esponding Li-based electrolyte systems exhibit similar or rather
ower capacitance than the Mg-based systems as shown in Fig. 3(d).

Fig. 3(b) and (c) represents the charge–discharge curves for the
g-based cells at higher rates of 1000 and 3000 mA g−1, respec-

ively, while (e) and (f) shows the corresponding results for Li
lectrolyte-based cells. The estimated specific capacitance values
re listed in Table 1, which also indicates the results at 2000 mA g−1.
rom Fig. 3 and Table 1, one can see the high-rate compatibility of
he Mg-based electrolytes when compared to the Li electrolyte-
ased cell. Among the Li electrolytes, only the ternary carbonate

olvent system shows an excellent rate capability. The discharge
apacitances of the present activated carbon with 1.96 M triethyl-
ethylammonium tetrafluoroborate (TEMABF4) dissolved in PC as
common EDLC electrolyte are 151.6 and 143.4 F g−1 at 500 and

000 mA g−1, respectively [20]. Thus the present Mg electrolyte
at (a) 500 mA g−1, (b) 1000 mA g−1and (c) 3000 mA g−1; with Li-based electrolytes

systems can be considered comparable to a common ammonium
electrolyte.

Better performance of the Mg-based electrolytes in the CVs as
well as galvanostatic studies suggests that Mg ion does not suf-
fer the intense solvation that causes an increase in Stokes’ radius
and hence a decrease in mobility as well as in pore utility when
compared to Li ion. Usually at higher rates, a sharp voltage change,
namely IR drop, would be observed at the beginning and termi-
nation of a charge–discharge process due to the equivalent series
resistance (ESR) of a capacitor, and thus the lower capacitance
would be obtained due to a decrease in pore accessibility of ions
[21]. However, observed IR drop is very small for the Mg systems
even at the highest charge–discharge rate of 3000 mA g−1, indicat-
ing that ESR of the capacitors is low enough. Obvious IR drop is
only found in the PC electrolyte-based cells with Mg ion as well
as Li ion. Interestingly, the Mg-PC system still exhibits much bet-
ter capacitance than the Li-PC system, probably meaning that the

smaller Stokes’ radius of Mg ion enhances pore utility more than
that of Li ion, at least in the pores. The future direction of this study
will focus on this detailed mechanism. The capacitance retention
of three Mg-based electrolyte systems was also examined in long-
term 500 cycling at 1000 mA g−1; no severe loss of capacitance was
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bserved in the Mg-based cells (3–6%) like Li-based systems (1–5%),
.e., no obvious demerits of Mg2+ were evidenced.

. Conclusion

The outcomes of charge–discharge studies and voltammograms
f the Mg electrolytes have shown the absence of redox processes
nd of nonlinearity functions. These results indicate that a good
lectrode/electrolyte interface is accomplished for the double layer
echanisms. Electrolyte performance in EDLC with porous carbon
aterials depends on the pore distribution and structure. In this
ork, although we have not optimized the pore structure for Mg ion

n the electrolytes and its interaction with the electrode, we can find
similar or better accessibility of divalent Mg ion like monovalent Li

on, which leads to a focus on research utilizing such a non-aqueous
g electrolyte and some intercalation Mg materials together with

n activated carbon electrode.
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