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A
long with carbon nanotubes (CNTs),

hexagonal boron nitride (BN) and

boron carbonitride (BCN) nanotubes

have been extensively studied due to their

nearly the same lattice parameters as those

of graphite and their unique electronic and

thermal properties attractive for various

potential applications, including electro-

nics, electrical conductors, high-tempera-

ture lubricants, and novel composites.1�4

Of particular interest, BCN nanotubes, in

which carbon atoms are partially substi-

tuted by boron and nitrogen atoms, possess

unique electrical and thermal properties

determined mainly by their atomic compo-

sition and configuration. The band gaps of

BCN nanotubes are known to be intermedi-

ate between semimetallic graphite and

insulating hexagonal BN.5 Therefore, the

electronic properties of BCN nanotubes

can be relatively more easily controlled by

adjusting their composition and the ar-

rangement of B, C, and N atoms rather than

by chirality control in CNTs.6,7

Different methods, such as laser abla-

tion,8 pyrolysis,9 bias-assisted hot-filament

chemical vapor deposition (CVD),10,11 aerosol-

assisted CVD and laser vaporization pro-

cess,12 and dc arc discharge13 using differ-

ent B, C, and N sources, have been reported

for the synthesis of BCNs or nanotubes with

separated phases of BN andC. Shelimov and

Moskovits14 first reported the formation

of arrays of C/BN/C nanotubules with larger

diameter (270�360 nm) by pyrolyzing

acetylene and trichloroborazine over a por-

ous anodic alumina template. Meanwhile,

bias-assisted hot filament CVD was used to

grow aligned BCN nanotubes from B2H6,

CH4, N2, and H2
5 and aligned Y-shaped

BCN nanojunctions through a pause�

reactivation two-stage process.15 In the

latter case, the composition of the nanotube

junction was tailored simply by varying the

concentration of gaseous precursors (CH4,

B2H6, and N2) between the two stages of the

growth process.15 Pyrolysis of melamine

with boron oxide at 1150 �C in the presence

of ferrocene resulted in uniform array of

aligned BCN nanotubes with varying

composition.16 In addition, aligned multi-

walled BCN/CNT junctions with a typical

rectifying diode behavior were also pro-

duced by the hot-filament CVD method

from the CH4, N2, and B2H6 precursor and

Ni catalyst.17 Recently, we have produced

vertically aligned (VA)-BCN nanotubes by

pyrolysis of melamine diborate, a single

compound containing carbon, boron, and

nitrogen sources required for the BCN

nanotube growth.18 The use of a single-

compound precursor is of particular inter-

est, as it simplifies the nanotube growth

process. While the growth conditions for

the VA-BCN nanotubes have been reported

briefly in our previous publication,18 the
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ABSTRACT

Using a chemical vapor deposition method, we have synthesized vertically aligned BCN

nanotubes (VA-BCNs) on a Ni�Fe-coated SiO2/Si substrate from a melamine diborate

precursor. The effects of pyrolysis conditions on the morphology and thermal property of

grown nanotubes, as well as the nanostructure and composition of an individual BCN

nanotube, were systematically studied. It was found that nitrogen atoms are bonded to

carbons in both graphitic and pyridinic forms and that the resultant VA-BCNs grown at 1000 �C

show the highest specific capacitance (321.0 F/g) with an excellent rate capability and high

durability with respect to nonaligned BCN (167.3 F/g) and undoped multiwalled carbon

nanotubes (117.3 F/g) due to synergetic effects arising from the combined co-doping of B and

N in CNTs and the well-aligned nanotube structure.
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effects of pyrolysis conditions (e.g., temperature) on

the morphology and thermal property of grown nano-

tubes as well as the nanostructure and composition of

an individual BCN nanotube are systematically studied

in the present work, along with the first demonstration

of their application in supercapacitors.

Having a high power density, quick charge/dis-

charge rate, and long life-cycle,19�21 supercapacitors

are promising power sources for portable systems and

automotive applications. Supercapacitance arises nor-

mally from the electrical double-layer charge storage

with or without additional pseudocapacitance.22

Carbon nanomaterials such as CNTs, graphene, and

ordered mesoporous carbon are considered as typical

electrode materials for electric double-layer capacitors

(EDLC), and much attention has been paid to improve

their structure and properties for capacitor applica-

tions.22 In spite of their moderate surface area com-

pared to activated carbons, CNTs show reasonably

high capacitances due to their large mesoporosity for

high electrolyte accessibility and excellent electrical

conductivity and, hence, a high power density for the

electrochemical capacitor.22 However, the electroche-

mical behavior of randomly entangled CNT electrodes

showed a rather limited capacitance compared to

the vertically aligned carbon nanotube (VA-CNT)

arrays.23�28 Unlike VA-CNT arrays, the randomly en-

tangled CNTs are most likely unable to support a

facilitated access of the electrolyte ions due to the

mismatch between the irregular pore structures. Alter-

natively, the supercapacitor performance can also be

enhanced by chemical functionalization of carbon

materials with various heteroatoms, which could pro-

vide redox characteristics for improved pseudocapaci-

tance. Indeed, oxygen-doping of porous carbons has

been demonstrated to significantly enhance the spe-

cific capacitance up to 220 F/g,29 as does nitrogen-

doping (300 F/g).30 A similar, but independent, study

showed that N and B co-doping of porous carbon

could enhance its specific capacitance up to 268 F/g

due to a synergistic pseudocapacitive effect.31 Herein,

we report an unusually high supercapacitance (321

F/g) for our newly developed VA-BCN nanotubes even

without postsynthesis functionalization. Compared

with the nonaligned BCN nanotubes and undoped

CNTs, VA-BCN nanotubes show the highest specific

capacitance with an excellent rate capability and high

durability, and thus are attractive as electrode materi-

als for supercapacitor applications. The observed high

supercapacitance can be attributed to the combined

effects of the nanotube alignment and B-/N-co-doping

mentioned above.

RESULTS AND DISCUSSION

Figure 1 shows typical SEM images of VA-BCN

nanotubes grown at different temperatures. It is

clearly seen that vertically aligned nanotubeswith high

packing densities are grown on the SiO2/Si substrate.

Also, the alignment degree and length of the nano-

tubes vary with the pyrolysis temperature. The length

of the nanotubes is found to increase with increasing

pyrolysis temperature. The lengths of the nanotubes

grown at 900, 950, and 1000 �C are around 10, 15, and

20 μm, respectively. The nanotubes grown at 900 �C

show a relatively poor alignment, whereas a very good

alignment is observed for the nanotubes grown at

1000 �C. The corresponding SEM image for the non-

aligned BCN nanotubes is shown in Figure S1 in the

Supporting Information.

As can be seen in Figure 2a, the thermal stability

in air for the VA-BCN nanotubes grown at different

temperatures increased with increasing synthesis tem-

perature. BCN nanotubes grown at 1000 �C are found

to be almost stable up to 900 �C in air. The observed

thermal decomposition around 550 �C for VA-BCN

nanotubes grown at 900 and 950 �C is attributable to

the oxidation of amorphous carbon layers co-depos-

ited on the BCN nanotubes at relatively low deposition

temperatures.32 The slight weight gain seen above

800 �C is, most probably, due to the oxidation of

catalyst Fe�Ni particles present in the nanotubes.

The Raman spectra of VA-BCN nanotubes grown

at different temperatures given in Figure 2b reveal

that all the nanotubes showed characteristic D-, G-,

and 2D-bands, indicating the graphitic structure. The

first-order peaks include a D-band located around

1342 cm�1 and a G-band around 1570 cm�1. The

higher order peak appeared at 2670 cm�1, and a small

broad peak at 2910 cm�1 can be assigned to a combi-

nation of DþD and DþG bands.33 The G-band arises

Figure 1. SEM images of VA-BCN nanotubes grown at
different temperatures over Ni�Fe-coated SiO2/Si sub-
strates, (a) 900 �C, (b) 950 �C, and (c) 1000 �C, and (d)
high-magnification view of (c) showing the vertical align-
ment of nanotubes. Scale bars: (a) 10 μm, (b) 10 μm, (c)
20 μm, (d) 5 μm.
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from stretching of all sp2-bonded pairs, including C�C,

B�C, N�C, and B�N, while the D-band is associated

with the sp3 defect sites.34 The ID/IG value is found to

increase from 0.86 to 0.97 when increasing the pyro-

lysis temperature from 900 to 1000 �C. The observed

ID/IG values agree well with the reported values for BCN

nanotubes, which range from 0.68 for B0.11C0.85N0.04 to

1.10 for B0.26C0.57N0.17.
35When increasing the pyrolysis

temperature, therefore, more defects are created due

to more B and N atoms doped into the graphitic

network. Also, the intensities of 2D (2670 cm�1) and

DþG (2910 cm�1) bands increased with increasing

pyrolysis temperature, confirming that more B and N

atoms are doped in the CNTs.33 On the basis of the

SEM, TGA, and Raman studies, the VA-BCN nanotubes

grown at 1000 �C seem to be more suitable than

their counterparts synthesized at lower temperatures

for energy-related applications.22 In order to study the

nanotube quality, the XRD patterns of VA-BCN nano-

tubes grown at different temperatures were recorded

(Figure S2 in Supporting Information). Two character-

istic peaks at 2θ values of 26.3� and 43.6�, respectively,

for (002) and (100) plane reflections were observed,

indicating the well-graphitized nature of the grown

nanotubes. The peak intensity at 26.3� increased with

increasing growth temperature, suggesting a better

quality for the VA-BCN array grown at 1000 �C than

those grown at lower temperatures, consistent with

TGA and Raman measurements. The other small peaks

seen in Figure S2 are from the SiO2/Si substrate used to

grow the nanotubes. Furthermore, the specific surface

area of the VA-BCN array grown at 1000 �C was

measured. The N2 physisorption showed a typical type

II isotherm (Figure S3 in Supporting Information),

characteristic of multiwalled CNTs, with a relatively

high BET surface area (347 m2/g).

The morphology of the aligned BCN nanotube

grown at 1000 �C was imaged by TEM. A typical image

is given in Figure 3 along with EELS spectra for K-edges

of C, B, and N. It is clearly seen that the resultant

nanotubes are 25�35 nm in diameter (Figure 3a).

The typical bamboo-like structure is clearly seen, and

the wall thickness is around 10 nm, indicating a multi-

walled nature for the BCN nanotubes similar to those

reported in the previous publications.11,36 Tubular

structures with transverse connections across the inner

walls of the nanotubes are also clearly seen in the inset

of Figure 3a.

The presence of C, B, and N in the grown nanotubes

was confirmed by EELS analysis of the K-edges of

C, B, and N on a single nanotube, shown in Figure 3.

The obtained typical C, B, and N K-edge spectra are

given in Figure 3b�d, respectively. In the case of the

C K-edge (Figure 3b), two characteristic high-intensity

peaks at 284.7 and 292.2 eV confirm the presence of

graphitic carbon in the nanotube. These two peaks are

attributed to a 1s�π* transition and a series of 1s�σ*

transitions, respectively. The shape and position of the

peaks indicate the well-graphitized nature of BCN

nanotubes. The presence of trivalent nitrogen in the

graphitic hexagonal lattice37 was shown by a broad

peak around 400 eV, as shown in Figure 3c. The peak

for nitrogen is relatively weak and broad with respect

to the high-intensity C K-edge observed around

280�330 eV. Figure 3d exhibits two pronounced peaks

for the B K-edge at about 191 and 194 eV, confirming

the sp2 hybridization state of B atoms. The low-energy

Figure 3. (a) Typical TEM image and EELS spectrum of (b) C,
(c) N, and (d) B K-edges of VA-BCN nanotubes grown at
1000 �C on a Ni�Fe-coated SiO2/Si substrate.

Figure 2. (a) TGA profiles measured in air and (b) Raman
spectra of VA-BCN nanotubes grown at different tempera-
tures (excitation wavelength: 514 nm).
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peak (191 eV) can be accounted for boron bonded to

carbon, and the high-energy peak (194 eV) originates

from boron bonded to nitrogen.38 The low peak in-

tensity for the B K-edge may be due to the smaller

boron content in the nanotubes. These results clearly

revealed that the resultant nanotubes are made up of

B, C, and N.

The chemical composition of the vertically aligned

BCN nanotubes grown at 1000 �Cwas further analyzed

by X-ray photoelectron spectroscopy (XPS). The per-

centage of B, C, and N in the as-grown BCN nano-

tubes was calculated from the XPS survey spectrum

(Figure 4a) to be around 27%, 25%, and 31%, respec-

tively. The Si signal around 100 eV originated from the

SiO2/Si substrate, and the oxygen signal around 540 eV

is from both substrate and physically adsorbed O2 on

the nanotubes.39 The predominant asymmetric C 1s

peak shown in Figure 4b indicates the existence of

C�N or C�B bonds in the graphitic network. The four

deconvoluted peaks in the C 1s spectrum at 283.4,

284.7, 286.2, and 288.3 eV could be assigned to C�B,

C�C, C�N, and C�O bonds, respectively. As can be

seen in Figure 4b, the percentage of C bonded to B is

significantly higher than that of C bonded to N or O

species. The high-resolution N 1s XPS peak in Figure 4c

could be deconvoluted into three subpeaks at 397.2,

398.4, and 399.9 eV, attributable to the N�B bond,

graphitic N�C bond, and pyridinic N�C bond, respec-

tively. The amount of pyridinic N is relatively smaller

than the graphitic nitrogen. The high-resolution and

deconvoluted B 1s XPS spectrum given in Figure 4d

shows mainly two subpeaks at 189.8 and 191.5 eV,

arising from the B�C and B�N bond, respectively. The

relatively higher intensity of the B�C peak than that of

B�N indicates that a greater number of B is attached to

C in the network.

Cyclic voltammetry and galvanostatic charge/

discharge curves (Figure 5 and Figure 6) from both

acidic (1 M H2SO4) and basic (6 M KOH) media were

used to characterize the capacitive properties in this

study. The voltammetry characteristics and galvano-

static charge/discharge cycles show good capacitive

response even at a high current loading (1A/g).

Figure 5A shows typical cyclic voltammograms (CV)

for a three-electrode cell in 1 M H2SO4 at a scan rate of

5 mV/s. The CNT sample exhibits a small rectangular

curve corresponding to a low capacitance. The non-

aligned BCN nanotubes present a typical capacitive

behavior with a rectangular-like shape of the voltam-

metry characteristics. The rectangular-like shape and

the appearance of humps in the CV curves indicate that

the capacitive response comes from the combination

Figure 4. XPS spectra of VA-BCN nanotubes grown at
1000 �C: (a) survey spectrum and high-resolution spectrum
of (b) C 1s, (c) N 1s, and (d) B 1s.

Figure 5. (A) CV curves of CNT (black), BCN (red), and VA-
BCN (blue) samples in 1 M H2SO4 solution at a scan rate of
5 mV/s; (B) charge/discharge curves of CNT (black), BCN
(red), and VA-BCN (blue) samples in 1 M H2SO4 solution at a
current density of 0.2 A/g; (C) corresponding capacity
retentions at the current density from 0.2 to 3 A/g; (D)
stability evaluation of the VA-BCN electrodematerial in 1 M
H2SO4 solution at a charge current of 1 A/g.

Figure 6. (A) CV curves of CNT (black), BCN (red), and VA-
BCN (blue) samples in 6 M KOH solution at a scan rate of
5 mV/s; (B) charge/discharge curves of CNT (black), BCN
(red), and VA-BCN (blue) samples in 6 M KOH solution at
a current density of 0.2 A/g; (C) corresponding capacity
retentions at the current density from 0.2 to 3 A/g; (D)
stability evaluation of the VA-BCN electrodematerial in 6 M
KOH solution at a charge current of 1 A/g.
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of EDLC and redox reactions related to the heteroatom

functionalities. It has been previously proposed that

heteroatom doping could change the electronic prop-

erties of carbon materials with the doped hetero-

atoms in the carbon materials being more favorable

to attract ions in the electrolyte compared to that of

carbon atoms, which would introduce the pseudo-

capacitance.30,31 That is why clear humps are observed

in the CV curves on BCN samples. In addition, the

heteroatom doping can also improve the electric

double-layer capacitance, as evidenced by the bigger

CV loop observed for the BCN electrode than that of

the CNT electrode (e.g., Figure 5A), indicating a thicker

double-layer region for the BCN electrode. This is

because the presence of heteroatoms in the carbon

matrix can enhance the wettability (hydrophilicity)

between electrolyte and electrode materials. There-

fore, the heteroatom doping could not only introduce

extra pseudocapacitance but also enhance the electric

double-layer capacitance. It is interesting to observe

that the electrochemical potential window of VA-BCN

is wider compared with the other two samples. The CV

curves were also scanned at the same potential win-

dow for nonaligned BCN and CNT samples, but they

showed very poor rectangular quality (Figures S4 and

S5). The observed wide electrochemical potential win-

dow could lead to a high power density and energy

density22 for supercapacitors based on the VA-BCN

electrode materials. The redox reactions can also be

observed in the galvanostatic charge/discharge curves

(Figure 5B and Figure 6B). Unlike linear characteristics,

a transition can be easily noticed between 0.3 and 0.5 V

in the acidic electrolyte. The small transition in line

slopes around 0.4 V correlates with the redox peaks in

the CV curves. The specific capacitances (C) were

calculated from galvanostatic charge/discharge curves

according to It/E, where I is the charge/discharge

current, t the discharge time, and E the voltage differ-

ence. From the galvanostatic charge/discharge curves

in Figure 5B, the specific capacitance of the VA-BCN

electrode in 1 M H2SO4 was found to be around 312.0

F/g, which is significantly higher than that of nona-

ligned BCN (162.5 F/g) and multiwall CNT (83.8 F/g).

The relatively high capacitance of BCN compared to

CNT is due to the pseudocapacitive effect associated

with the heteroatom functionality. On the other hand,

because of its well-defined aligned structure, VA-BCN

showed the highest specific capacitance. This is be-

cause the aligned morphology of VA-BCN could effec-

tively facilitate the transportation of electrolyte ions

during the charge/discharge process and, thus, im-

prove the supercapacitance. Therefore, both the pre-

sence of heteroatoms (B and N) and the aligned

structures contribute to the observed high specific

capacitance for VA-BCN nanotubes.

Figure 5C represents the relationships between

specific capacitance and charge/discharge current

density to study the rate capability of the electrode

materials. The capacitance retention is defined as the

ratio of the specific capacitance at various current

densities to that at 0.2 A/g. When the charge/discharge

current density was increased from 0.2 to 3 A/g, the

capacitance retention of a CNT was only 45%, which is

significantly lower than that of the BCN (65%) and VA-

BCN (76%). Clearly, therefore, the incorporation of B

and N into the CNTs and the aligned structure have

remarkably improved the capacitance performance of

electrodes at high charge/discharge rate, and this is

very important for the applications where a high rate

of discharge�recharge is required. Long cycling life is

another important requirement for supercapacitors. In

this context, the cycling life test for the VA-BCN elec-

trode was carried out by repeating the charge/

discharge test at a current density of 1 A/g for 1000

cycles. Figure 5D shows the capacitance retention

ratio of the capacitor electrode charged at 1 A/g as a

function of the cycle number. As can be seen, the

electrode exhibited an excellent electrochemical sta-

bility with only 5% deterioration of the initial available

specific capacitance after 1000 cycles.

In addition, we have also investigated the electro-

chemical behavior of the three electrode materials in

basic media (6 M KOH), and the results are shown in

Figure 6, which also shows a wider electrochemical

potential window, the highest specific capacitance,

better rate capability, and excellent electrochemical

stability for the VA-BCN electrode. The specific capaci-

tance of the VA-BCN electrode in 6 M KOH is around

321.0 F/g, a value that is significantly higher than that of

BCN (167.3 F/g) and multiwalled CNT (117.3 F/g). Com-

paring to the acidic electrolyte solution, the supercapa-

citor performance in the basic medium is better, as the

working potential in acidic medium is relatively higher.

However, the difference in specific capacitance between

thebasic and acidicmedia for the VA-BCNelectrode (9 F/

g) and BCN (5F/g) is much smaller than that of the

undoped CNT (33 F/g), indicating that VA-BCN and BCN

nanotubes work well in both acidic and basic media due

to the synergetic co-doping of B and N and well-aligned

nanotube structure in the electrode materials.

CONCLUSIONS

Vertically aligned BCN nanotubes were grown by

pyrolysis of melamine diborate at different tempera-

tures on Ni�Fe-coated SiO2/Si substrates. The struc-

ture and capacitive properties of the vertically aligned

BCN nanotubes, along with the nonaligned BCN, and

pure carbon nanotubes (CNT) were systematically

studied. Vertically aligned BCN nanotubes grown at

1000 �C are found to be thermally more stable than

those grown at lower temperatures, while the Raman

spectroscopy revealed that pyrolysis at a higher tem-

perature increased the number of B and N atoms

doped into the graphitic network. Both the B and N
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co-doping effect and the structure alignment were

found to enhance the supercapacitor property of

vertically aligned BCN nanotubes in comparison with

nonaligned BCN and undoped multiwalled CNTs. The

vertically aligned BCN nanotubes grown at 1000 �C

showed the highest specific capacitance (321.0 F/g)

with respect to nonaligned BCN (167.3 F/g) and un-

doped multiwalled carbon nanotubes (117.3 F/g), with

an excellent rate capability and high durability due

to synergetic effects arising from the combined co-

doping of B and N in CNTs and well-aligned nanotube

structure.

EXPERIMENTAL SECTION

Melamine diborate, synthesized by reacting melamine with
boric acid, was used as a precursor for the CVD synthesis of
vertically aligned multiwall BCN nanotubes. For the synthesis of
melamine diborate, melamine (1 mmol) was dissolved in deio-
nized water at 80 �C, to which boric acid (2 mmol) was added
slowly under stirring for 30 min. The mixture solution was then
cooled slowly to allow complete precipitation of melamine
diborate, followed by filtration and drying at 80 �C overnight.
Thereafter, VA-BCN nanotubes were grown on a sputter-coated
Fe/Ni layer (5 nm/5 nm thick) on a commercial SiO2/Si substrate
(Siliconquest). The precursor melamine diborate in a ceramic
boat and Ni�Fe-coated SiO2/Si substrate were placed sepa-
rately inside a quartz reactor. The temperature of the furnace
was ramped to 1000 �C under Ar/H2 flow (50 cc/min), while the
melamine diborate and substrate were placed at the lower
temperature region of the reactor. After introducing nitrogen
gas (50 cm3/min) into the tube furnace, the melamine diborate
and SiO2/Si substrate were quickly moved to the region of
1000 �C for 10 min to grow VA-BCN nanotubes on the SiO2/Si
substrate. Finally, the substrate-supported VA-BCN nanotube
array was removed quickly away from the reaction zone and
cooled under Ar flow. In order to optimize the growth condi-
tions for well-aligned long BCN nanotubes, similar experiments
were carried out at 900 and 950 �C. For comparison purposes,
nonaligned BCN nanotubes were grown under similar condi-
tions at 1000 �C using 1 wt % Ni and Co containing melamine
diborate. Similarly, the vertically aligned undoped CNTs were
grown at 850 �C on a Ni�Fe sputter-coated SiO2/Si sub-
strate using ethylene as carbon source. The morphology of
the aligned BCN nanotubes grown at different temperatures
was analyzed by scanning electron microscopy (SEM). The
vibrational characteristics of BCN nanotubes grown at dif-
ferent temperatures were analyzed by Raman spectroscopy
(Renishaw), using a 514 nm excitation wavelength laser.
Thermogravimetric analysis (TGA) was carried out on a TA
Instruments apparatus with a heating rate of 10 �C in air.
High-resolution TEM images were acquired with a Zeiss LIBRA
200FE transmission electron microscope equipped with EELS
using BCN nanotubes dispersed over holey carbon-coated Cu
grids. The C, N, and B K-edge spectra from a spot on a single BCN
nanotube were acquired to determine the composition of the
nanotubes. X-ray photoelectron spectroscopic measurements
were performed on a VG Microtech ESCA 2000 using a mono-
chromic Al X-ray source (97.9 W, 93.9 eV). X-ray diffraction
(XRD) was measured on a Rigaku X-ray diffractometer. The
Brunauer�Emmet�Teller (BET) specific surface area was deter-
mined from N2 adsorption at the liquid nitrogen temperature
(Micromeritics 2000 ASAP). For electrochemical characteriza-
tion, a three-electrode glass cell with Pt wire and saturated
calomel electrode as counter electrode and reference electrode,
respectively, were used. The capacitance wasmeasured in a 6M
KOH and 1 M H2SO4 solution, separately.
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