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Electrochemical Intercalation of Lithium or 
Perchlorate Ion into Graphite-Like Layered 

Material of BC6N 

MASAYUKI KAWAGUCHI and YUICHI WAKUKAWA 

Department of Materials Science and Academic Frontier Prorizotion Center, Osaka 
Electrn-Cr)mmunication University, 18-8 Hatsu-cho, Neyagawa, Osaka 572-8530, 

Japan 

The material of composition BC6N with high crystallinity has been synthesized by CVD 
reaction of BCI, with acrylonitrile at 1500-2000°C. BC6N electrode has shown opposite 
electrochemical behavior to graphite electrode in the several electrolyte. Comparison of the 
open circuit potentials at the initial stage for the intercalation of lithium suggests that the con- 
duction bdnd of BC6N could be more antibonding than that of graphite. On the other hand, 
the electrochemical intercalation of perchlorate suggests that the highest levels of the valence 
bands are not so different for both BC,N and graphite The band gap of BC6N could be esti- 
mated to be 1.7eV by this electrochemical method. 

Keywords: layered B/C/N material; electronic state; electrochemical intercalation 

INTRODUCTION 

Boron/Carbon/Nitrogen (B/C/N) materials based on the graphite network 
have been of particular interest in recent years because of their potential 
applications as new semiconductors and host materials[']. So far, BlCM 
hybridsL2], stoichiometric compounds BC,N[3,41, BCJ[I'] and C,N[41 were 
prepared by chemical vapor deposition (CVD) method. We have recently 
synthesized BC,N['.'I, BCN"' and BC6N2[8I by CVD reaction of BC1, with 
organic nitriles and pyrolyses of precursors. Their hndamental propertiesIY."'I 
and some applications such as electrode matrix of secondary lithium 
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batteries'"-'51 have been investigated in these years. 
Electrochemical intercalation of lithium into these materials would 

give important information about the application for anode matrix of 
secondary lithium batteries as well as fundamental characteristics such as 
electronic state of the material. For such experiments, we need stoichiometric 
compounds with high crystallinity which have not been prepared so far. 
Furthermore, the comparison of these properties with those of graphite will 
be useful for considering the application of these new materials. 

In this paper, we report the preparation of B/C/N materials by high 
temperature CVD method and the electrochemical intercalation of lithium 
and perchlorate ions into these materials and discuss about the electronic 
states of the materials. 

EXPERIMENTAL. 

Preparation of B/CN 
PBN (Pyrolytic boron nitride) plate (30 X 5 X lmm) as a substrate was set on 
a carbon suscepter. Acrylonitrile (70 cm3/min) carried by N, (410 cm3/min) 
and BCI, gas (35 cm3/min) were introduced into the reactor in which the 
carbon suscepter was heated at 1500-2000°C by radio-frequency induction. 
The reaction was carried out under atmospheric pressure. 

Electrochemical Intercalation of Lithium and Perchlorate 
Electrochemical intercalation of Li' and perchlorate (C10,) ions into BC,N, 
BC,N or artificial graphite (Toyo Tanso Co., LX-001s-60: average particle 
size 60p  m, La and Lc>lOOnm) were performed in the solution of 1.0 
mol/dm3 LiClOJpropylene carbonate (PC) or ethylene carbonate and diethyl 
carbonate mixed solvent (ECDEC) by using Li reference and counter 
electrodes. 

RESULTS AND DISCUSSION 

B/C/N Materials 
Black films whose composition was approximately BC,N"61 were obtained 
on the carbon suscepter as well as the PBN substrate when the 
CH,CHCN:BCl, gas molar ratio was 2: 1. On the other hand, black films with 
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ELECTROCHEMICAL INTERCALATION OF LITHIUM 48 I 

an approximate composition BC,N were obtained when the C€i,CHCN:BCI, 
gas molar ratio was 1:l .  These results and thc analyses o f  by-products 
suggest that each reaction proceeded as follows: 

ZCH,CHCN +BCI, + BC,N +3HCI+NH, ......... (1) 
(2) CH,CHCN + BCI, -+ BC,N + 3HC1 . . . . . . , . . 

X-ray diffraction analysis indicates that BC,N and BC,N prepared at 1800°C 
have the graphite-like layered structure similar to the artificial carbon heat- 
treated at the same temperature. The BC6N films show the electrical 
conductivity of 175 Scm” at room temperature and behave as the n-type 
semiconductor”61. 

El&trocbemical Intercalation ofLithium 
Figure 1 shows closed circuit potential changes for the electrochemical 
intercalation/dcintercalation o f  lithium into/out of BC,N electrode in the 
I,iCIOI/PC electrolyte. The capacities gradually decreased with the cyclcs, 
while the coulomb efficiency (deintercalation capacity/intercalation capacity) 
increased. On the other hand, RC,N shows small capacities from the first 
cycle. Table 1 indicates charge capacities of the first cycle for the materials. 
Note that BC,N electrode shows large capacity in the LiCl0,ffC~ electrolyte, 
while the graphite has large capacity in thc I,iCIO,/(EC/DEC) electrolyte. 

CAPACITY (mAh/g) 

FIGURE 1 Potential changes for the ele~trochemical intercalation/ 
dcintercalation of lithium into/out ofBC,N clectrode in 1 .O 
mol/dm3 LiClU4/l’C solution. Current density: 50 p Ncni’. 
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These results suggest that the electronic states of materials are quite 
different among BC,N, BC,N and graphite and affect the solvents. For 
example, BC6N electrode does not interact with the PC solvent but could 
reduce to decompose the EC/DEC. Reverse phenomenon is observed for the 
graphite electrode, which has been well known‘”l. 

TABLE I Capacities of the first cycles for the electrochemical 
intercalation of lithium into BC,N, BC,N and graphite electrode. 
Current density: 50 p A/cm2. 

0 0 & 0 . 3  0.6 

x in Li (BC6N) 

3 . 0  
t“ 

2 2.0 

3 1.0 

g o  0 0.05 0.10 

2 

6 
H 

x in Li C 

FIGURE 2 Open circuit potentials (dots) of the first cycle for the electro- 
chemical intercalation of lithium into (a)BC6N in 1 .O mol/dm3 
LiClO,/PC solution and (b)graphite in 1 .O mol/drn’ LiCI0,I 
EC+DEC solution. Current density: 50 p Ncm’. 
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Electronic States of Materials 
Figure 2 (a) and (b) show the open circuit potentials for the first cycles of 
BC,N and artificial graphite. The closed circuit potentials (intercalation of 
Li) for BC,N electrode tended to be higher than those for the graphite. 
However, open circuit potentials for BC,N electrode were lower than those 
for the graphite. These results indicate that the overpotentials caused by the 
diffusion of intercalant (Li) in the interlayer o f  BC,N are smaller than those 
for graphite. Similar results were observed by means of cyclic voltammetry 
for these materials. 

The open circuit potential at the initial stage (<lmolo/) of the 
intercalation of lithium indicates the lowest level of the conduction band 
(Fig.3). The open circuit potentials for BC,N and graphite are 1.5V and 2.5V 
vs LiLi', respectively, when 1 atY0 of lithium was intercalated 
electrochemically. The comparison of the open circuit potentials suggest that 
BC,N can not be reduced easier than graphite. In other word, the conduction 
band of BC,N could be more antibonding than that of graphite. 

DENSITY OF STATE 

FIGURE 3 Electronic state of BC6N estimated by electrochemical method. 

On the other hand, the electrochemical intercalation of perchlorate ion 
into BC6N electrode showed large overpotentials. Irreversible cyclic 
voltammograms were also observed for both BC6N and graphite electrodes 
in the potential range between 3 and 5 V vs LiILi'. The open circuit 
potentials of BC6N and graphite electrodes at the intercalant concentration of 
1 atyo CIO; were 3.2 and 3.0 V vs LiLi', respectively. This result suggests 
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that the highest Ievels of the valence bands are not so different for both BC,N 
and graphite. The shape of the valence band has been observed by means of 
X-ray emission spectroscopyr’? From these results, the band gap of BC,N 
could be estimated to be 1.7eV (3.2-1.5V) 
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