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Abstract MgO-templated mesoporous carbons annealed

from 900 to 1,500 �C were examined as active materials

for negative electrodes in a propylene carbonate electrolyte

containing 1 M sodium hexafluorophosphate. The carbons

annealed at 1,000 �C exhibited 180 mAh g-1 at a rate of

0.1 A g-1 in a potential range of 2.00–0.01 V versus Na?/

Na. The carbons showed good rate capability as well as

cyclability. It is considered that mesopores plays a role of

easy diffusion pathway for ions, and also significantly

relates to both electric double layer capacitance and fara-

daic reactions involving Na ions. X-ray diffraction pat-

terns, nuclear magnetic resonance spectra and Raman

spectra were discussed for characterization of the carbons.

Raman spectra indicated a reversible interaction of reduced

Na with carbons. However, Na intercalation in the carbon

layers was not confirmed for the carbon annealed at

1,000 �C. This is because the Na intercalation sites in the

carbon layers are very few due to the disordered structure

caused by the relatively low temperature annealing.

Keywords Mesoporous carbon � Rate performance �
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1 Introduction

Because of their excellent high power densities and long

life cycles, electric double layer capacitors (EDLCs) have

been widely used in power-assist systems of electric

(hybrid) vehicles, cranes, memory back-up systems, and

for load leveling of renewable energy [1–6]. However, the

amount of energy that can be stored is limited by the

energy storage mechanism of EDLCs, which involves non-

faradaic adsorption/desorption of ions onto the electrode

surface. The low energy density is an obstacle for using

EDLCs as major power sources for large-energy applica-

tions such as electric vehicles. Introducing pseudocapaci-

tance from faradaic reactions is one of the approaches used

to increase the energy density of EDLCs [7–9]. A consid-

erable number of studies have been done on pseudoca-

pacitors using conducting polymers [10–12], metal oxides

[13–15], and surface functional groups of carbon materials

[16–18]. In addition, in recent years, lithium (Li) insertions

for pseudocapacitance in electrode materials such as TiO2

[19], MnO3 [20], Fe2O3 [21, 22], and carbon [23, 24] have

been explored because Li-based capacitors or batteries are

very promising energy storage systems due to their high

energy densities [25–28]. However, given the increasing

demand for Li-based systems, there is concern about the

depletion of Li resources, which are limited and unevenly

distributed in the world. Thus, sodium (Na) has attracted

interest as an alternative to Li for energy storage systems in

view of its low cost and abundance (Na is 500 times more

than Li in the Clarke number) [29–31]. In recent years, Na

ion pseudocapacitors with metal oxide materials have been

studied [32–34]. However, no type of carbon has been

investigated for Na ion pseudocapacitor electrodes,

although several researchers studied Na ion batteries with

carbon materials such as hard carbons [35–42].

In the present study, electrochemical behaviors of MgO-

templated mesoporous carbons (MPCs) with different

crystallinities were examined in propylene carbonate

solutions containing Na ions. MPCs are attractive electrode

materials for EDLCs or batteries because of its unique
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properties, such as its mesopore-dominated structure with

high specific surface areas and its simple production

method [43–46]. They are produced by calcination of

magnesium citrate and subsequent acid leaching of mag-

nesia. The presence of mesopores enables high rate per-

formances because of easy accessibility of the ions to the

active surface of electrodes. Very recently, we have dem-

onstrated that MPCs showed excellent rate performances

for Na ion storage compared to commercial hard carbon

materials [46]. In this work, we investigated the influence

of crystallinity of MPCs, and discussed the advantage of

mesoporous carbons in comparison to microporous activate

carbons.

2 Experimental

The MgO-templated mesoporous carbon (CNovel�,

annealed at 900 or 1,000 �C, Toyo Tanso Co., Ltd.,

denoted as MPC900, MPC1000) and carbons obtained by

annealing of as-received MPC900 at 1,200 and 1,500 �C

(expressed as MPC1200, MPC1500) were employed for

the electrode materials. For comparison, we also used a

commercially available activated carbon (YP-17, Kuraray

Chemical Co., Ltd.). The carbon powders were mixed with

styrene-butadiene rubber (SBR, BM-400B, Zeon, Co.) and

carboxymethyl cellulose (CMC, D2200, Daicel FineChem

Ltd.) at the ratio of 90:6:4 wt% in distilled water. The

obtained slurry was doctor-bladed on an aluminum current

collector. The thickness and loaded mass of the carbon

layer were approximately 80 lm and 1 mg cm-2. All the

electrodes were fabricated with a diameter of 10 or 14 mm

and used after dried overnight under vacuum at 120 �C.

Carbon electrodes and glass fiber filters (GA-55, Toyo

Roshi Kaisha, Ltd.) as separators were used after they were

immersed in electrolytes for 30 min under reduced pres-

sure. The electrolyte was 1 M sodium hexafluorophosphate

(Wako Pure Chemical Industries, Ltd.) solution in propyl-

ene carbonate (Kanto Chemical Co., Ltd., electrochemistry

grade). Electrochemical measurements were performed

using a BioLogic VMP2 multi-channel galvanostat–poten-

tiostat in a three electrode configuration. The carbons were

used as the working electrodes, and Na metals were

employed for the counter and reference electrode. The Na

counter electrode was prepared with a diameter of 10 mm

and a thickness of a few hundred micrometers. Charge/

discharge tests were performed in a potential range of

2.00–0.01 V versus Na?/Na at room temperature. Evalua-

tion of the cyclability was performed in a two-electrode

configuration with a coin type cell in the electrolyte con-

taining 4 vol% of fluoroethylene carbonate (Tokyo

Chemical Industry Co., Ltd.).

For characterization, the pore structures of the carbons

were evaluated from adsorption/desorption isotherm of N2

gas at 77 K using BELSORP-Max (BEL JAPAN, Inc.).

Mesopore volumes, Vmeso, and mesopore surface area,

Smeso, were determined by BJH method. X-ray diffraction

(XRD) patterns were recorded with a diffractometer

(Bruker, D8 Advance) using Cu Ka radiation with a

scanning range (2h) from 15� to 35�. Raman spectra were

acquired by in Via Raman microscope (Renishaw) with an

Ar-ion laser (514.5 nm). In addition, MAS NMR mea-

surements of 23Na at room temperature were performed

using a solid-state NMR spectrometer with a 7.0 T magnet

(Chemagnetics, CMX-300) at 15 kHz spin rate in 4 mm

diameter rotors. Chemical shifts were calibrated with

respect to saturated NaCl aqueous solution, using a Na

peak of solid NaCl at 7.21 ppm as an external reference.

For NMR and Raman spectroscopy, carbon specimens

were taken out from the cell at different charge levels and

washed by propylene carbonate and acetonitrile in Ar

atmosphere.

3 Results and discussion

3.1 N2 isotherm

Figure 1a–e shows N2 adsorption/desorption isotherms for

the carbons. All the MPCs showed increase in adsorbed

amount of N2 at relatively high pressure regions, compared

to commercial activated carbon (YP-17). This indicates the

formation of mesopores for MPCs. BET surface areas and

mesopore dimensions determined by the BJH method are

summarized in Table 1. BET surface areas of MPCs are

comparable to YP-17, but they decreased with elevation of

annealing temperature. On the other hand, MPCs clearly

have a large proportion mesopores. It should be noted that

the MPCs possessed micropores as well as mesopores, as

indicated by increase in N2 adsorption at low pressures. In

addition, the peak mesopore sizes for MPCs were around

3.8 nm, which was independent of annealing temperatures

(Fig. 1f).

3.2 XRD and Raman spectroscopy for pristine carbon

electrodes

Figure 2 shows (a) XRD and (b) Raman spectra for the

pristine carbon electrodes. XRD patterns showed very

broad peaks for all the carbons as shown in Fig. 2a, and no

clear differences were observed for MPCs when they were

annealed at 900–1,500 �C. This is ascribed to relatively

low annealing temperature leading to disordered structures,

and hence it is difficult to discuss the carbon structures with
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the XRD patterns. On the other hand, the Raman spectra

showed a small difference for MPCs annealed at different

temperatures (Fig. 2b). The broad peaks at around 1,350

and 1,580 cm-1 are the typical D and G bands, respec-

tively. The peaks for YP-17 were as sharp as that for

MPC900, and those for MPCs became sharper when

annealed at higher temperatures. This indicates that the

crystallinity of carbons was slightly enhanced by elevation

of annealing temperature. The intensity for the D band

increased with temperature increase, which is a known

phenomenon in the carbonization temperature range [47].

3.3 Electrochemical measurements

Figure 3 shows cyclic voltammograms for the MPCs and

YP-17. The reduction/oxidation peaks attributable to Na

insertion/deinsertion were observed at around 0.1 V versus

Na?/Na for MPC1000, MPC1200 and MPC1500 (Fig. 3b–

d). However, MPC900 and YP-17 showed unclear peaks, in

particular, unclear oxidation peaks corresponding to Na

deinsertion as shown in Fig. 3a, e. This result means that

Na insertion/deinsertion is more reversible for the carbons

annealed at higher temperatures. It is considered that

higher-temperature annealing forms more local short-range

ordered carbon layers and provides more Na intercalation

sites in the carbon layers. Figure 4 shows the charge/dis-

charge curves for these carbons. Small plateau potential

regions were observed around 0.05 V versus Na?/Na for

MPC1200 and MPC1500. On the other hand, MPC900,

MPC1000, and YP-17 showed no clear plateau potentials

and relatively linear discharge (oxidation) curves, indicat-

ing capacitive behaviors. In addition, a shape difference

between charge and discharge curves would be related to

irreversibility, corresponding to the cyclic voltammograms.

The irreversible capacity is most likely to originate from

solid electrolyte interface (SEI) layer formation as dis-

cussed below [23, 24]. The discharge (oxidative) capacities

of the carbons determined at the 5th cycle were plotted in

Fig. 5. Figure 5a shows the discharge capacity in different

potential ranges of 2.00–x (x = 0.01, 0.02, 0.05, 0.10, 0.20,

0.50, 0.75, 1.00, 1.25, and 1.50) V versus Na?/Na, and

Fig. 5b is the rate performances in the potential range of

2.00–0.01 V versus Na?/Na. The discharge capacity was

larger when the carbon was charged at more negative

Fig. 1 N2 adsorption/desorption isotherms at 77 K for a MPC900, b MPC1000, c MPC1200, d MPC1500, and e YP-17. f Mesopore size

distributions for the carbons

Table 1 BET surface area, mesopore volume and mesopore surface

areas of carbons

SBET/m2 g-1 Vmeso/ml g-1* Smeso/m2 g-1*

MPC900 1,500 2.70 2,240

MPC1000 1,560 2.73 2,120

MPC1200 1,490 2.14 1,800

MPC1500 1,240 2.51 2,130

YP–17 1,500 0.15 140

* Vmeso and Smeso were determined by BJH method
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potentials, and rapid increase in capacity was observed in

more negative potentials than 0.1 V versus Na?/Na.

Among these carbons, MPC1000 showed the highest result

reaching 180 mAh g-1 when it was charged to 0.01 V

versus Na?/Na. The CV curves suggested that faradaic Na

insertion contributes to energy storage, but MPC1500

showed a smaller capacity than MPC1000 although the

former has a higher crystallinity, in other words, a larger

amount of intercalations sites for Na ion than the latter.

This result indicates that capacitive contribution is also

significant since MPC1000 has a larger specific surface

area than MPC1500. In addition, MPCs exhibited much

larger capacities than YP-17, indicating that mesopore

plays an important role for Na ion storage. According to

the previous work on Li insertion in porous carbons [23],

Li cluster in the mesopores, rather than micropores, sig-

nificantly contribute to the Li ion storage. It is hence

analogically deduced that the charge storage arises from

the charge transfer between carbons and Na clusters

formed in the mesopores. Another conceivable reason for

the low capacity of YP-17 is pore filling by SEI layer

formation since activated carbon mainly comprises

Fig. 3 Cyclic voltammograms in 1 M NaPF6/PC electrolyte for a MPC900, b MPC1000, c MPC1200, d MPC1500, and e YP-17. The scan rate

is 0.1 mV s-1

Fig. 2 a XRD and b Raman

spectra for the MPC and YP-17

electrodes
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micropores. Furthermore, MPCs showed a remarkable rate

capability, and MPC1000 reached 70 mAh g-1 at 4 A g-1

as shown in Fig. 5b. This is ascribed to easy accessibility

of the ions to the active surface in the mesopores. The

capacity of YP-17 decreased with an increase in current

density, and is quite low at high rates because of the low

conductivity of the electrode and the high diffusion resis-

tance of the ions in the micropores. Cyclability of

MPC1000, which showed the largest capacity, was evalu-

ated in the electrolyte containing 4 vol% of FEC. It is

known that FEC addition to the PC-based electrolyte is

effective for formation of stable SEI layers [37]. Figure 6

shows the capacity retention (a ratio of the capacity at each

cycle to that at the first cycle), and coulombic efficiency.

The capacity retention decreased in the beginning of

cycles. However, the retention showed an almost constant

value after 100 cycles, and 89 % remained after 1,000

cycles. Moreover, the coulombic efficiency reached 99.9 %

after 100 cycles, although the first cycle showed a very low

efficiency. The low efficiency of the first cycle reflects the

large irreversible capacity, which is considered to originate

from SEI layer formation. Because MPCs has a large

amount of mesopores, solvated Na cations can easily move

to the active surfaces of carbons where they are decom-

posed to form the SEI layers [23, 39]. Thus, mesopores

represented a significant Na ion storage, but, at the same

time, a drawback of a large irreversible capacity. Reduction

of the irreversible capacity is an important requirement for

practical application, and further investigations are in

progress.

MPC900

MPC1000

MPC1200

MPC1500

MPC900

MPC1000

MPC1200

YP-17
MPC1500

(a) (b) 
Fig. 4 Charge/discharge curves

(5th cycle) at 0.1 A g-1 in a

potential range of 2.00–0.01 V

versus Na?/Na in 1 M NaPF6/

PC electrolyte. b is a

magnification of negative

potential regions of (a)

Fig. 5 Discharge (oxidative)

capacity acquired at 0.1 A g-1

in various potential ranges of

2.00–x (x = 0.01, 0.02, 0.05,

0.10, 0.20, 0.50, 0.75, 1.00,

1.25, and 1.50) V versus Na?/

Na. b Rate performances in the

range of 2.00–0.01 V versus

Na?/Na in 1 M NaPF6/PC

electrolyte

Fig. 6 Capacity retention and coulombic efficiency for MPC1000

acquired at 0.1 A g-1 in the potential range of 2.00–0.01 V versus

Na?/Na in 1 M NaPF6/(PC-4 vol% FEC) electrolyte
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3.4 NMR and Raman spectroscopy for the charged/

discharged carbons

NMR and Raman spectroscopy were conducted to examine

Na insertion in the MPC1000 electrode. Figure 7a shows

the 23Na MAS NMR spectra for MPC1000, which was

electrochemically reduced to 2.0, 0.01 V, and oxidized to

2.0 V after the first reduction to 0.01 V versus Na?/Na. No

peak was observed for the carbon obtained at 2.0 V versus

Na?/Na; however, a very broad peak appeared between

?10 and -50 ppm for MPC1000 reduced to 0.01 V versus

Na?/Na. According to the literature [36, 42], a signal at

?9 ppm is ascribed to Na inserted between misaligned

carbon layers, and a broad peak at -20 to -30 ppm is due

to Na inserted in nanocavities and in SEI layers. The

obtained broad peak comprises all these signals and others

whose origins are unknown. Na cluster in the mesopores

could also contribute to the broad signal [23]. However, a

broad peak remained for the carbon obtained at 2.0 V after

the first reduction to 0.01 V versus Na?/Na as shown in

Fig. 7a(iii). This means that Na insertion/deinsertion in

MPC1000 includes an irreversible process, i.e., the broad

peak mainly arises from the SEI layer formation and the

signals from other components are very small. On the other

hand, as shown in Fig. 7b, the Raman spectrum for

MPC1000 reduced to 0.01 V versus Na?/Na was slightly

broadened in comparison to that for the carbon obtained at

2.0 V. In addition, the carbon oxidized to 2.0 V after the

first reduction to 0.01 V showed as a sharp peak as the

carbon obtained at 2.0 V without reduction. This result

indicates that reduced Na has some interactions with the

carbons, and the interaction process is reversible. More-

over, no peak shift was observed in the spectra for the

carbon reduced to 0.01 V, and Na intercalation in the

carbon layers was not confirmed. It is considered that the

Na intercalation sites in the carbon layers are very few

because of the disordered structure caused by the relatively

low temperature annealing (1,000 �C). Thus, the main

reaction in the beginning of the cycles was the SEI layer

formation, but a partially reversible phenomenon was

confirmed by Raman spectroscopy. No clear evidence of

reversible Na insertion in the carbons was observed.

4 Conclusions

This paper presents electrochemical behaviors of MgO-

templated mesoporous carbons in a propylene carbonate

electrolyte containing Na ions. The mesoporous carbons

annealed at 1,000 �C exhibited the highest capacity, good

rate capability as well as good cyclability. It is considered

that existence of mesopores in the carbon is an origin of the

large irreversible capacity, but also significantly contrib-

utes to Na ion energy storage: combination of electric

double layer capacitance and reduction/oxidation involving

Na ions. Although further investigations on reducing irre-

versible capacity are required to enable practical applica-

tion, we believe that easy accessibility of the ions to the

electrode surface and the significant capacitive contribution

of mesoporous materials with high specific surface areas

are promising properties for further improvement in the

energy storage systems.
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