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bstract

Carbonaceous materials containing nitrogen (C/N materials) were prepared by a pyrolysis of 2,3,6,7-tetracyano-1,4,5,8-tetraazanaphthalene
CAN). A C/N material prepared by the pyrolysis of CAN at 1070 K (CAN-1070 K) had a C/N atomic ratio of 3.0 and a non-crystalline carbonaceous
tructure with a BET surface area of 880 m2 g−1. The material CAN-1070 K showed large capacitances of 160–180 F g−1 and 110–120 F cm−3 in
ase of current density of 10 mA cm−2 (2 A g−1) by using three-electrode cell in 1 M H2SO4 aqueous solution, in comparison with that of activated

arbon (160 F g−1 and 55 F cm−3) having BET surface area of 2300 m2 g−1. ESCA study indicated that pyridinic and quarternary nitrogen atoms
xisted in the C/N materials, which could result in producing a pseudo-capacitance in addition to the electric double layer capacitance. Also
ntroduction of nitrogen into the carbonaceous material could enhance the wettability of material, which might also improve the capacitance.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A lot of researches about electric double layer capacitor
EDLC) using activated carbon were reported so far [1], since
t was first demonstrated by GE group [2]. Conductive poly-

ers such as polypyrole were also proposed as capacitors
aving pseudo-capacitance [3]. Recently, introduction of het-
roatoms into carbonaceous material has been investigated and
s expected to modify the structure and properties of material
4–6]. For example, carbonaceous materials containing nitro-
en (C/N materials) have been prepared and characterized for
ome applications such as electrochemical capacitor [7–11]. The
aterials performed high specific capacity in spite of the small

pecific surface area. However, the role of nitrogen in the mate-
ials for the improvement of capacitance has not been clearly

xplained yet.

The authors prepared C/N materials with the layered structure
12], and with the tetrahedral (sp3) structure [13,14] by chemical

∗ Corresponding author. Tel.: +81 72 820 9038; fax: +81 72 820 9038.
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eactions and investigated the properties as a host material, the
echanical properties and the luminescent properties. In the

resent study, we have prepared new C/N materials by pyrolysis
f a nitrogen-rich starting material (2,3,6,7-tetracyano-1,4,5,8-
etraazanaphthalene, which is called CAN in the present paper)
nd investigated their adsorption properties and electrochemical
roperties as a capacitor. The roles of nitrogen in the materials
or the improvement of capacitances have been also considered
rom the results.

. Experimental

.1. Preparation of C/N materials

2,3,6,7-Tetracyano-1,4,5,8-tetraazanaphthalene (CAN,
ig. 1) was used as a starting material for the preparation of
/N materials. The CAN was manufactured and supplied by

ippon Soda Co. Ltd., Japan. CAN powders (5.0 g) were set on
vessel made of carbon sheet. The vessel was set at the center
f the quartz reaction tube (inner diameter: 30 mm; length: 1 m)
nd was heated at a temperature between 570 and 1270 K for
h under N2 atmosphere.

mailto:kawaguti@isc.osakac.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.07.023
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ig. 1. The starting material 2,3,6,7-tetracyano-1,4,5,8-tetraazanaphthalene
CAN).

.2. Characterization of C/N materials

The obtained powders were pulverized by using mortar into
ne powders with diameters under 45 �m. Elemental analysis
or the obtained powders was performed by the usual combus-
ion method, followed by gas chromatography. X-ray diffraction
ata were obtained by using a diffractometer (Rigaku RINT-
ltima+) with Ni-filtered Cu K� radiation. FTIR absorption

pectra were measured by the KBr method and obtained by an
nfrared spectrophotometer (Perkin-Elmer PARAGON-1000).
SCA measurements were carried out by using an electron spec-

rometer (Shimadzu ESCA-3400) with Mg K� radiation. The
inding energies of the elements were corrected by placing the
u 4f7/2 line at 84.0 eV.
Nitrogen adsorption isotherms were measured at 77 K by gas

orption method with an instrument BELSORP28, Japan BEL
o. Ltd. Specific surface area was estimated by BET method.
ore distribution was analysed by MP method using t-plot. Water
apor adsorption isotherms were measured at 298 K by gas sorp-
ion method with an instrument BELSORP18, Japan BEL Co.
td. These measurements were performed after drying of the
aterials at 380 K under vacuum (6.7 × 10−2 Pa).
The electrochemical measurements for C/N powders were

erformed by using three-electrode cell in 1 M H2SO4 aqueous
olution. Working and counter electrodes were made of a mix-
ure of the C/N powders, PTFE powders, and acetylene black
owders with a ratio of 8:1:1 in weight. The Ag/AgCl electrode
as used as a reference electrode. The capacitances of the mate-

ials were calculated from the slopes of charge/discharge curves
t a current density of 10 mA cm−2 (ca. 2 A g−1) by galvano-
tatic method. The specific capacitances were then calculated
rom the capacitances and the weight of single electrode. Cyclic
oltammograms were also measured by using three-electrode
ell. Discharged energy and discharged power were estimated
y galvanostatic charge/discharge curves using two-electrode
ell in a cell voltage of 0–1 V in the solution same as that used
y three-electrode cell.

. Results and discussion

.1. Products

The CAN began to sublime at around 570 K and decomposed

t the temperatures higher than 670 K with polymerization.
bout 1.0 g of black powders was obtained on the carbon ves-

el in the cases of the heat-treatment at 1070–1270 K. The
ecovery of the powders was about 20% in these cases. Elemen-

c
r
d
2

ig. 2. X-ray diffraction patterns of (a) the starting material CAN, C/N materials
repared by the pyrolysis of CAN at the temperature of (b) 670 K, (c) 870 K, (d)
070 K, and (e) 1270 K.

al analyses indicated that the composition of the product was
3.0N1.9H1.8O1.3 and C3.0N1.0H0.6O0.2 for the material prepared
t 970 K (CAN-970 K) and 1070 K (CAN-1070 K), respectively.
he oxygen and hydrogen should be mainly due to the water
dsorbed by the materials, as is mentioned later in this paper.
herefore, the composition was approximately C3N2 and C3N

or each material. The large contents of nitrogen in the materi-
ls could be explained by the stable C N ring structure in the
btained material, which was detected by FTIR.

.2. Structural change from CAN to carbon-like layered
tructure

Fig. 2 shows X-ray diffraction patterns of the products
btained at temperatures in the range of 670–1270 K. The
tarting material CAN is a molecular crystal, which shows
harp X-ray diffractions (Fig. 2a). Two broad diffraction peaks
2θ = 18.3◦ and 26.6◦) were observed for the product obtained at
70 K. These peaks might be due to regularity among oligomer-
ype molecules made by the decomposition of CAN with
olymerization at lower temperature. The structural change was
gain observed at around 870 K (Fig. 2c), and the products
btained at 1070 K showed a diffraction pattern similar to the

arbon with a non-crystalline layered structure (Fig. 2d). X-
ay diffraction of material obtained at 1270 K indicated broad
iffractions at 24.6◦ (d = 0.362 nm) and 43.5◦ (d = 0.208 nm) in
θ, each of which is at the similar position of (0 0 2) and (1 0)
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Fig. 4. ESCA N 1s spectra of (a) the starting material CAN, C/N materials
p
a

t
i
c
o
h

t
t
C
i
a
i
8
b
o
(
o
o
c
r
C
c

ig. 3. ESCA C 1s spectra of (a) the starting material CAN, C/N materials
repared by the pyrolysis of CAN at the temperature of (b) 670 K, (c) 870 K, (d)
070 K, (e) 1270 K, and (f) graphite.

iffraction of carbon, respectively. The C/N materials obtained
t temperatures higher than 1070 K, therefore, had the layered
tructure similar to non-crystalline carbon.

Fig. 3 shows ESCA C 1s spectra of the C/N materials obtained
t temperatures in the range of 670–1270 K. The starting material
AN shows a broad peak in a range of 284–288 eV, which was
ue to three kinds of carbons in the structure. The peak shifted
o the lower binding energy with increasing the heat-treatment
emperature. The peak at higher binding energy decreased, while
he peak at lower binding energy increased by the heat-treatment
t 870 K (Fig. 3c). This remarkable change is probably due
o the elimination of nitrile groups and the structural change
rom oligomer-type to graphitic structure, which has been men-
ioned above (X-ray diffraction). The peak position reached to
he binding energy near that of graphite by the heat-treatment at
270 K.

Fig. 4 shows ESCA N 1s spectra of the C/N materials. There
re two kinds of nitrogen atoms in the structure of CAN. The
eak was broadened by the heat-treatment at 870 K because of

he structural change. The peak separated into two major peaks
y the heat-treatment at 1070 K (Fig. 4d). Peak identification
or N 1s spectra was studied and reported by several researchers
15,16]. One at around 401 eV could be attributed to the quar-

c
o
p
a

repared by the pyrolysis of CAN at the temperature of (b) 670 K, (c) 870 K,
nd (d) 1070 K.

ernary nitrogen, which is surrounded by three carbon atoms
n the graphitic-layered structure. The other at around 398.5 eV
ould be due to pyridinic nitrogen, which exists at the edge part
f the graphitic structure. The material CAN-1070 K, therefore,
ad at least these two kinds of nitrogen in the structure.

Fig. 5 shows FTIR spectra of the C/N materials obtained at
emperatures in the range of 670–1070 K. Sharp four bands in
he range of 1100–1500 cm−1 observed for the starting material
AN should be due to the absorptions of C C and C N stretch-

ng and ring vibration of the tetraazanaphthalene, while a band
t 2200 cm−1 is due to the absorption of nitrile C N stretch-
ng. Broad bands were observed for the material prepared at
70 K probably because of a formation of ring structure caused
y the polymerization at around 870 K. A clear spectrum was
bserved for the material obtained even at higher temperature
CAN-1070 K: Fig. 5d), while almost no distinct spectrum was
bserved for the non-crystalline carbon. The distinct spectra
bserved in Fig. 5 should be due to the polarization between
arbon and nitrogen in the C/N materials. A broad band in the
ange from 1000 to 1800 cm−1 is attributed to the polymerized

N aromatic ring structure [12,17], which is thermodynami-
ally stable and hold the nitrogen atoms in the structure. In this
ase pyridinic nitrogen were made and stabilized at the edge part

f the layered structure. In other words, the pyridinic nitrogen
roduced a lot of edge parts in the structure, creating a large
mount of micro-pores in the material.
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ig. 5. FTIR spectra of (a) the starting material CAN, C/N materials prepared
y the pyrolysis of CAN at the temperature of (b) 670 K, (c) 870 K, and (d)
070 K.

The formation mechanism of this material is as follows.
he starting material CAN decomposed with the elimination
f cyano groups (C N) and the resulted species C6N4 polymer-
zed by themselves to form the layered structure similar to that
f the non-crystalline carbon having micro-pores.

.3. Adsorption characteristics

Fig. 6 shows the nitrogen adsorption isotherm of the material
AN-1070 K. The material indicated I-type of isotherm, which

howed large increase of the adsorption in the low-pressure

ange. The result indicated that CAN-1070 K had micro-pores
n the same manner as activated carbon. The isotherms did not
how any hysteresis on a cycle of adsorption and desorption,
uggesting that cylindrical type micro-pores were produced in

ig. 6. Nitrogen adsorption isotherm (77 K) of C/N material prepared by the
yrolysis of CAN at 1070 K.
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ig. 7. Pore diameter distribution of C/N material prepared by the pyrolysis of
AN at 1070 K.

he material. The specific surface area calculated by BET equa-
ion was 880 m2 g−1 for CAN-1070 K, which was the largest
alue among those of the C/N materials prepared in the present
tudy. Fig. 7 shows the pore size distribution of the material. The
aterial showed average diameter of 0.8 nm, which is slightly

maller than that of activated carbon.
Water adsorption isotherm of the material was different from

hat of activated carbon. Fig. 8 shows the water adsorption
sotherms of CAN-1070 K, compared with that of activated
arbon. CAN-1070 K adsorbed water vapor efficiently more
han activated carbon particularly in the low pressure range of
ater vapor. It is considered that the C/N material had wetta-
ility better than that of activated carbon, probably because of
stronger interaction of the polar water molecule with a part

f C/N material having polarity between carbon and nitrogen
n the structure. The adsorption, however, was not so fast that
he adsorbed amount for CAN-1070 K proportionally increased,

ecause water vapor could slowly condense into the smaller size
f micro-pores.

ig. 8. Water adsorption isotherm (298 K) of (a) C/N material prepared by the
yrolysis of CAN at 1070 K (BET surface area: 880 m2 g−1), compared with
hat of (b) activated carbon (2300 m2 g−1). (—) Adsorption; (– – –) desorption.
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temperature in the range of 670–1270 K. CAN-1070 K had the
largest specific capacity of 160–180 F g−1, which is described
above. The material had the largest surface area (880 m2 g−1)
among the materials prepared in the present study. Also ESCA
ig. 9. Charge and discharge curves for C/N material prepared by the pyrolysis
f CAN at 1070 K. Electrolyte: 1 M H2SO4 aqueous solution; current density:
0 mA cm−2 (2 A g−1); three-electrode cell.

.4. C/N materials as an electrochemical capacitor

Fig. 9 shows galvanostatic charge/discharge curves of CAN-
070 K, which had the specific surface area of 880 m2 g−1. The
apacitance was calculated from the slope of this curve to be
60–180 F g−1 (per single electrode of capacitor) in the case
f current density of 10 mA cm−2 (2 A g−1), which is almost
he same capacitance of activated carbon (160 F g−1) having
arger specific surface area of 2300 m2 g−1. Since the appar-
nt density was 0.68 and 0.34 g cm−3 for CAN-1070 K and the
ctivated carbon, respectively, the volumetric capacity of CAN-
070 K was 110–120 F cm−3, which is twice larger than that of
he activated carbon (55 F cm−3). The large capacitance despite
he smaller specific surface area could be explained by a pseudo-
apacitance in addition to the electric double layer capacitance.
y using a two-electrode cell at a current density of 10 mA cm−2

1 A g−1 by using the weight of two electrode), a discharged
nergy and a discharged power for CAN-1070 K were measured
o be 0.494 Wh kg−1 and 658 W kg−1, respectively.

The pseudo-capacitance could be caused by the existence
f quaternary or pyridinic nitrogen in the material, which
as detected by ESCA. The pseudo-capacitance is typically
bserved for the electrochemical capacitor using conductive
olymer [3]. Fig. 10 shows a possible pseudo-faradaic reaction
erformed during the charge/discharge on a part of the C/N mate-
ials. Considering the acid dissociation constant of the pyridine
pKa = 5.17), the pyridinic nitrogen in the material tends to be
rotonated in 1 M H2SO4 [18]. The electrochemical reduction

ould occur by adding the electron to the protonated nitrogen in
he material and the oxidation could occur vice versa, hence the
seudo-faradaic reaction.

ig. 10. A possible pseudo-faradaic reaction for the protonated nitrogen of C/N
aterial in the acidic aqueous solution.

F
b
s
(

ig. 11. Cyclic voltammograms of C/N material prepared by the pyrolysis
f CAN at 1070 K. Electrolyte: 1 M H2SO4 aqueous solution; scan speed:
mV s−1; three-electrode cell.

Fig. 11 shows cyclic voltammograms of the material CAN-
070 K. The shape of CV was not the rectangle of typical EDLC
ut an asymmetrical one. This might be due to the reversible
seudo-faradaic reaction, which is mentioned above and could
ause at lower potentials. Another possibility is that the differ-
nce of diffusion capability between solvated anions and cations
n the electrolyte. In this case, small protons (H+) diffused faster
han anions (HSO4

−) even they were solvated. Particularly, the
yridinic nitrogen in C/N materials interacts strongly with the
rotons in a manner of formation of coordinate bond shown in
ig. 10. The asymmetric CV curves observed for CAN-1070 K,

herefore, could be due to the diffusion of ions as well as the
seudo-faradaic reaction.

Fig. 12 shows the relation between the heat-treatment temper-
ture and the specific capacity of C/N materials prepared at the
ig. 12. Heat-treatment temperature vs. capacitance for C/N materials prepared
y the pyrolysis of CAN. Capacitances were measured in 1 M H2SO4 aqueous
olution with the three-electrode cell by using a current density of 10 mA cm−2

2 A g−1).
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ig. 13. Cyclability test for electrode made of C/N material prepared by the
yrolysis of CAN at 1070 K. Electrolyte: 1 M H2SO4 aqueous solution current
ensity: 10 mA cm−2 (2 A g−1); three-electrode cell.

easurements suggested the existence of quaternary or pyridine-
ype nitrogen in this material. The largest capacitance, therefore,
ould be explained not only by the specific surface area but
lso by the pseudo-faradaic reaction caused by the two types
f nitrogen in the material. The good wettability of the material
gainst the aqueous solution could also improve the capacitance.
ig. 13 shows a result of cyclability test for the electrode made
f CAN-1070 K. Only 3.5% of degradation was observed after
500 cycles, indicating the good cyclability of the electrode.

. Conclusions

The carbonaceous materials containing nitrogen with the
tomic ratio C/N = 3.0 was obtained by the heat-treatment
f 2,3,6,7-tetracyano-1,4,5,8-tetraazanaphthalene (CAN) at
070 K. The material showed the large capacitance of
60–180 F g−1 and 110–120 F cm−3 by using three-electrode
ell with a current density of 10 mA cm−2 (2 A g−1) in 1 M
2SO4 aqueous solution, in spite of the relatively small surface
rea (880 m2 g−1). The roles of nitrogen in the materials for the
mprovement of capacitance have been considered as follows:
1) quarternary and pyridinic nitrogen in the material resulted
n producing the pseudo-capacitance, which was caused in a

[

[

er Sources 172 (2007) 481–486

imilar manner to that of conductive polymer, in addition to the
lectric double layer capacitance; (2) the polarization between
arbon and nitrogen in the material could cause the better wet-
ability against the aqueous solution, which might also improve
he capacitance. From these results, the C/N materials could be
promising material as the electrochemical capacitor.
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