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Boron and nitrogen co-doped porous carbons (BNCs) were prepared through a facile procedure using citric
acid, boric acid and nitrogen as C, B and N precursors, respectively. The BNC samples were characterized
by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and nitrogen sorption at 77 K. Cyclic
voltammetry and galvanostatic charge/discharge experiments were adopted to investigate their electro-
chemical behaviors. The BNC-9 and BNC-15 samples with high specific surface areas of 894 and 726 m? g1

showed the large specific capacitance up to 268 and 173 Fg~!, respectively, with the current of 0.1Ag~".
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When the current was set as 1Ag~!, the energy densities were 3.8 and 3.0 Whkg~! and the power densi-
ties were 165 and 201 W kg~! for BNC-9 and BNC-15, respectively. Thus, BNC-15 is more suitable to apply
in high-power-demanded occasion, while BNC-9 tends to store more energy.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electrical double-layer capacitors (EDLCs), based on charge
stored and released along the double layer which forms at the
electrode/electrolyte interface, have attracted a great attention in
recent years, since they possessed a high power density, quick
charge/discharge rate and long cycle-life [1-3]. Carbon materi-
als can be promising candidates for supercapacitor applications
because of their chemical stability, low-cost, fine conductivity and
kinds of existing forms [2]. Porous carbon materials are interesting
due to their high surface area which could be of great impor-
tance for high specific capacitance. Various methods were adopted
to synthesize porous carbons, including traditional methods [4]
such as chemical activation, physical activation, and combination
of the physical and chemical activation processes [5-7], carbide-
derived carbons [8,9], and newly developed template-synthesized
mesoporous/microporous carbons. It is known that the capaci-
tance of carbon materials is closely related to their pore structure
and texture. Recently, Gogotsi et al. [8,10] investigated the rela-
tionship between the pore sizes of the carbon electrodes and
ion sizes of the electrolyte for electrical double-layer capacitors
(EDLCs). Their results are in conflict with the traditional attitude
toward inaccessibility of small pores to solvated ions and indi-
cate that the micropores largely contribute to the capacitance.
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Cheng et al. [11] synthesized a kind of porous carbon (HPGC),
which combines macroporous cores, mesoporous walls and micro-
pores. The special hierarchical structures lead to fine capacitance
retention at a high sweep rate, e.g., the HPGC have a superior fre-
quency response. Besides the influences from the pore structure,
the texture of materials can also change the capacitor behaviors.
In order to enhance the capacitance, heteroatoms were doped
into carbon materials, which not only strengthen the wettabil-
ity of the interface between electrolyte and electrodes, but also
introduce pseudocapacitive effects. Recently, various porous car-
bon materials, including nitrogen-enriched carbons were massively
synthesized. Béguin et al. [12] reported zeolite-templated synthesis
of microporous nitrogen-doped carbon, whose specific capacitance
was larger than that of nitrogen-free porous carbon with the sim-
ilar specific surface area and median pore diameters. Zhao et al.
[13] obtained nitrogen contained porous carbon by the pyrolysis
and carbonization of melamine-formaldehyde resin. Their results
showed that the moderate nitrogen content can enhance the sur-
face wettability and reduce the resistance.

Several works have been reported on boron and nitrogen dop-
ing carbon materials applied in the fuel cell and Li ion battery
[14,15]. And it was reported that the boron doping may improve the
specific capacitance per surface area for the multi-walled carbon
nanotubes [16]. But their experimental conditions are strict because
ultrahigh temperature was necessary for diffusion of the boron
atoms into carbon frameworks. Some of the approaches needed
moiety-free environment to prevent the boron and carbon precur-
sor from hydrolysis [17]. Besides, our boron dopant quantities are
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higher than that of the reported materials [14,16,17]. In this study,
we reported a facile approach to prepare boron and nitrogen co-
doped porous carbons through carbonization of the gel containing
boron and carbon precursors. The obtained boron and nitrogen
enriched carbon materials (denoted as BNC) showed prominent
capacitances. These synthetic process avoided toxic carbon pre-
cursors such as acetonitrile, formaldehyde, etc. Furthermore, this
method has the advantage over the template-synthesized carbons
which involving awkward and costly preparation of mesoporous
silica or zeolites. The texture and pore structure of the materials
can be tuned, whose influences on the capacitive behavior will be
discussed in this paper.

2. Experimental
2.1. Preparation of BNC materials

The porous boron and nitrogen co-doped carbon materials were
synthesized by pyrolysis and carbonization gels containing boron
and carbon precursors under nitrogen flow. The gels were prepared
according to the Refs. [18,19]. Typically, 3.85¢g of boric acid (AR
grade) was dissolved in 50 mL of distilled water at 85°C. 7.02¢g
of citric acid (AR grade) was added to the solution, followed by
adding 7.0, 9.0, 12.0, and 15.0 g of nickel chloride hexahydrate sep-
arately into the solution with stirring. The pH of the solution was
adjusted within the range of 2-3 by adding concentrated AR-grade
ammonia solution (25 wt.%). Then, the temperature of the solution
was set to 110°C to remove the excess water. After evaporation,
the green ropy gels were obtained. The gel was heated at 473K for
2h and then 1173K for 4 h under nitrogen to complete the pyrol-
ysis and carbonization. During the carbonization process, nickel
(11) ions were reduced to metal nickel which can be eliminated by
dissolving in 2 M hydrochloric acid. The nickel-free materials thus
obtained were filtered, washed with deionized water and dried over
night, denoted as BNC-7, BNC-9, BNC-12, and BNC-15, where, BNC
means the boron and nitrogen co-doped carbon and the number
represents the mass of nickel chloride hexahydrate. For compari-
son, dopant-free carbons (DFC) were prepared following the same
procedure except for the addition of boric acid.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/MAX-2250 V diffractometer with Cu Ko as radiation
source (40kV and 40 mA). The element contents and chemical
bonding were investigated by X-ray photoelectron spectroscopy
(XPS, Mcrolab 310F with a dual anode X-ray source). Nitrogen
adsorption/desorption measurements were carried out at 77K in
Micromeritics ASAP 2020 instrument. The samples were degassed
below 1.33Pa at 90°C for 1h and 300°C for 8 h before the mea-
surements. The specific surface area was calculated based on the
Brunauer-Emmett-Teller (BET) method in the relative pressure
range of 0.05-0.25. The selected relative pressure range for calculat-
ing the surface area was in account with the previous reports which
indicate that using a lower relative pressure range, p/pg = 0.01-0.05,
overestimates the surface area while using the higher partial pres-
sure p/pg=0.1-0.3 may underestimate the surface area [20,21].
Total pore volume was calculated at a relative pressure p/po=0.98,
and Dubinin-Radushikevich (DR) analysis was used to determine
the micropore volume in the relative pressure range from 10~* to
10-2. By subtracting the micropore volume from total pore volume,
mesopore and macropore volumes were obtained.

Cyclic voltammograms (CV) were tested at different sweep rates
with a typical three-electrode configuration in electrolyte of 6 M
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Fig. 1. XRD patterns of the BNC-9.

KOH using CHI 440 (CH Instruments) system. As to the electrode
preparation, the porous BNC materials were ground with 10 wt.%
polytetrafluoroethylene (PTFE) binder and 10 wt.% acetylene black
which helps to increase the conductivity of the electrodes. The
mixture was pressed between two pieces of nickel foam (used
as a collector) under 30 MPa. Thereafter, the electrode was dried
overnight at 100°C. Ag/AgCl electrode was used as reference
electrode, and the counter-electrode was platinum. Galvanostatic
charge/discharge behavior was performed under the application of
different current densities in the voltage between 0 and 1.0V with
a two-electrode assembled in a button cell system using CT2001A
(Land, China) instrument. All the electrochemical tests were per-
formed at room temperature.

3. Results and discussion
3.1. Textural and structural properties

XRD patterns of the BNC samples are shown in Fig. 1. Two broad
and weak diffraction peaks at 26 of around 25° and 43° could be
observed, which are due to the (002) and (10) lattice planes of
turbostratic carbon, respectively. The widened diffraction peaks
suggest that no pronounced graphitization occurred under the car-
bonization temperature of 900 °C. The (0 0 2) peak shifted to a lower
angle and the value of dg o5 was 0.356 nm, slightly larger than that of
ideal graphite (dgg2 =0.3354 nm) [22], indicating a low crystallinity
of these materials.

The composition and texture of the samples were studied by XPS
(Fig.2). The results show that the carbon materials were doped with
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Fig. 2. XPS of the BNC samples.
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Table 1
Composition of the BNC samples from XPS.
Samples at.%

B C N (0]
BNC-7 9.6 63.9 9.2 17.3
BNC-9 8.4 69.8 71 14.7
BNC-15 4.8 79.4 4.9 10.9

both boron and nitrogen with the binding energy peak appeared at
191 and 399eV, respectively. All the samples exhibit almost the
same structure due to similar binding energy except for their con-
tents. The Cqs peaks were centered at about 285 eV, which could be
assigned to the graphite sites in the BNC samples. The oxygen par-
tially comes either from the moisture or carbon dioxide adsorbed
on the surface. It is noteworthy that the binding energy of boron
and nitrogen in the BNC samples are close to that of boron nitride
[23-25]. The nitridization did occur during the pyrolysis and car-
bonization procedure. However, pure boron nitride phase could not
formed because the carbonization temperature was low [26,27] and
no related XRD peaks were found. Thus, two adjacent carbon atoms
at the periphery of graphite sheets may be substituted by boron and
nitrogen atoms simultaneously and the C-B-N bond could exist in
this case. Since the electronegativity of O is stronger than that of N,
and C is opposite, it could be inferred that C-B-0 might be another
existing form of B. Increasing the mass of nickel chloride will result
in more loss in boron (see Table 1), demonstrating that the reaction
between the nickel chloride and boron oxide occurred during the
carbonization procedure.

The nitrogen adsorption-desorption isotherms are shown in
Fig. 3. All the isotherms are type I mixed with type IV. In low rela-
tive pressure range, high adsorption of N, occurred, while obvious
hystereses were detected, indicating the presence of micropores,
mesopores and macropores [28] with the different volume ratios of
micropore to mesopore and macropore, respectively. The nitrogen
adsorbed below p/pg =0.02 may be attributed to the micropore fill-
ing. The nitrogen uptake at p/pg =0.02-0.2 can be easily observed
from the isotherms of BNC-12 and BNC-15, suggesting the pres-
ence of super-micropores and small mesopores [29]. The isotherm
of BNC-15 also exhibited some limited nitrogen uptake at p/pg > 0.2,
which may be attributed to adsorption into mesopores [30].

The synthetic process of BNC products mainly involved three
steps. First, preparation of the gels which were composed of boric
acid, citric acid and nickel chloride; then, pyrolysis and carboniza-
tion of the gels under inert atmosphere; and at last, etching metal
nickel using hydrochloric acid. During the last step in the process,
the nickel chloride was reduced to metal by carbon at high tem-
perature and further removed from matrix by using hydrochloric
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Fig. 3. Adsorption-desorption isotherms of the BNC samples.

Scheme 1. How the NiCl, influence the pore structures in the process of preparation.
The direction of arrows represents the increase of the NiCl, gradually; the small
white circles are micropores created by nickel complexes and the larger ones are
mesopores formed by nickel clusters.

acid, leaving small pores in the products. In addition, hydrochlo-
ride from the pyrolysis of nickel chloride might react with boron,
generating boron trichloride and escaping away. This process may
also create pores, though lose a little of boron. Thus, the quantity of
nickel chloride used in the gels may change the pore size distribu-
tion (Table 2). It is obvious that the V,,,; increased from 0.21 cm3 g~!

of BNC-7 to 0.34cm3 g~! of BNC-9, while the Ve, only increased
by 0.1cm3 g~!. At meantime, we found that the ratio of micropore
volume to total pore volume decreased from 72% to 43%, e.g., large
portions of mesopores and macropores formed along with the mass
increase of nickel chloride in the gels (BNC-9, 12 and 15), which is
due to the formation of different type of clusters polymerized by the
nickel complexes at various concentrations. Thus, the BNC materi-
als with regularly changed hierarchical structure can be prepared
by carefully changing the mass of nickel chloride as illustrated in
Scheme 1. The specific surface area of DFC is 604m2 g~1, but the
portion of V,,; is only 11%. Hence, pyrolysis behavior of the gel
without boric acid is totally different from that of BNC precursors.

3.2. Electrochemical tests

CV was used in determination of electrochemical properties of
the samples. Fig. 4 shows the CV plots of the BNC samples at a
sweep rate of 2mVs~! with the potential range of —0.9 to —0.1V
vs. Ag/AgCl reference electrode. At this sweep rate all I-V curves
exhibited near rectangular shapes with slightly distorted, which is
characteristic of electrochemical capacitor. Note that wide humps
can be clearly observed on the I-V plots for BNC-7, 9 and 12, and
it is the evident that reversible redox transitions involving proton
exchange occurred when the samples were polarized [12]. The devi-
ation from the imaginary rectangular emerged, which is due to the
pseudocapacitive effects. An appreciable amount of nitrogen, boron
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Fig. 4. I-V curves of the BNC and DFC samples obtained at 2mV s~! in 6 M KOH vs.
Ag/AgCl.
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Table 2

Pore texture properties of BNC and DFC materials.

Samples Sper® (m?g~1) Vi® (ecm3g) Vini€ (cm? g~1) Vinea? (cm? g~1) Dy (nm) Dgjn (nm) Vini[ Ve (%)
BNC-7 505 0.33 0.21 0.12 0.49 6.9 64

BNC-9 894 0.47 0.34 0.13 0.59 4.1 72
BNC-12 494 0.33 0.18 0.15 0.64 4.5 55
BNC-15 726 0.60 0.26 0.34 0.62 5.5 43

DFC 604 2.38 0.27 2.11 0.58 15.2 11

2 BET surface area.
b Total pore volume.
¢ Micropore volume determined by using the Dubinin-Radushkevich equation.
d Mesopore and macropore volume obtained by subtracting V,,; from V;.
¢ Median micropore diameter calculated by the Horvath-Kawazoe method.
and oxygen incorporated into the carbon matrix can enhance the
wettability between the electrolyte and electrode materials, result-
ing in the pseudocapacitive effect. It was reported that the pyridinic
nitrogen at the periphery of the grapheme layers provided electron
pairs which may introduce electron donor properties to the layer
[31]. According to the electron configuration of boron atom, it may
predict that the deficiency of electrons for boron would be more
favorable to attract anions in electrolyte compared to that of car-
bon atom, which may also introduce pseudocapacitance. In order
to further prove our viewpoint, dopant-free carbon DFC material
was prepared. It apparently shows that although the surface area
of sample DFC is comparable to that of the BNC materials, the spe-
cific capacitance is only 111 Fg~! at 2mVs~!, less than half of that
for BNC-9. So, one might conclude that not only the modification of
surface polarity can be achieved by introducing heteroatoms, but
also be the pseudocapacitive effect.

Table 3 provides the specific capacitances calculated from the
I-V plots. In order to reflect the average value of capacitance in the
range of sweep voltage, the following equation was used:

I(U) x du
CZ%(ZXAuxSxm) M

D

where the integral areais surrounded by I-V curve, Au is the voltage
difference, and s, m are the sweep rate and electrode mass, respec-
tively. BNC-9 has the largest specific capacitance, while the highest
capacitance retention value was obtained in BNC-15. It is known
that the ions can transport easily in small pores at a low sweep
rate. BNC-9 has the most developed micropores with the median
pore size of 5.9 A, which is still larger than that of the dissolved
ions (K* ~H30%=3.6-4.2 A>0H") [32]. This means the dissolved
ions are allowed to enter the pores, forming the electrical double
layers. And the boron and nitrogen dopants modified the polar-
ity of carbon matrixes, which improve the wettability of carbon
matrix, providing the possibility that the ions can diffuse into the
micropores. Moreover, the dissolved ions have smaller size, which
allow a closer approach of the ion center to the electrode surface,
leading to improved capacitance [8]. So, it is reasonable that the
BNC-9 has the largest capacitance. On the other hand, amount of

Table 3
Specific gravimetric capacitances (Cg) and specific capacitances per surface area
(Csa) of all BNC samples as well as DFC.

Samples G (Fg™') Csa? (Fm—2)
2mVs! 5mVs!' 10mVs! 20mVs! 50mVs!

BNC-7 229 204 182 149 87 0.45

BNC-9 247 228 206 172 105 0.28

BNC-12 226 200 169 130 73 0.46

BNC-15 170 165 159 151 131 0.23

DFC 111 106 103 99 91 0.18

2 Csa= Cg/SBET. at2mVs-!.

mesopores were created in BNC-15 due to increasing the mass of
nickel chloride. The mesopores provide a short ion-transport path-
way [11], which will facilitate forming an electric double layer in a
short time. This can explain why BNC-15 has the best capacitance
retention among all the samples. The capacitances per surface area
(Csp) were calculated. It was found that the values of all the samples
are larger than usually reported for the double-layer capacitance
(0.1-0.2 Fm~2)[33], which highlight the pseudocapacitive effect of
boron and nitrogen co-doping.

Galvanostatic charge/discharge experiments were performed
with various current densities between 0 and 1V in order to fur-
ther investigate the performances of representative BNC samples.
The specific capacitance of the systems was calculated according to
the following equation:

_2><I><At

€= AV xm (2)

where [ is the discharge current, At is the time elapsed for the
discharge branch from 0.7 to 0.3V, AV is the voltage difference
within the time At, and mis the mass of carbon on an electrode. The
factor of 2 comes from the fact that the total capacitance measured
from the test cells in the sum of two equivalent single electrode
capacitors in series [33-35]. Fig. 5(a) shows the V-t plots of BNC-
9 and BNC-15 at the constant current of 100mAg-' and Fig. 5(b)
is the V-t plots of BNC-15 at currents of 0.1, 0.25, 0.5 and 1Ag~1,
respectively.

The charge/discharge curves of both BNC-9 and BNC-15 have
near triangular shapes, reflecting their good capacitive perfor-
mances. The V-t plots of BNC-9 and BNC-15 are shown in Fig. 5(a).
There was a sharper voltage drop for BNC-9 than that of BNC-15,
indicating that the mesopores in BNC-15 sample can improve the
ion transfer and may reduce the inner resistance of the electrodes.
From the galvanostatic charge/discharge curves at different current
densities in Fig. 5(b), we can see that BNC-15 possessed typical tri-
angular shapes with a little galvanostatic discharge decrease caused
by the inner resistance throughout the current range of 1-0.1Ag-1,
showing its good capacitive properties. The specific capacitances
determined by Eq. (2) (from Table 4) are 268 and 173 Fg~! with the
current of 0.1 Ag=1 for BNC-9 and BNC-15, respectively. The data
agree well with those obtained from CV tests. When the applied cur-
rent was increased from 0.1 to 1Ag~1, the capacitances remained
59% and 72% for BNC-9 and BNC-15, respectively. And the coincident
trend has been found in the CV tests.

Power density and energy density also estimated using the fol-
lowing equations:

e

E (3)
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Table 4
Specific gravimetric capacitance (Cg), energy density (E) and power density (P) data estimated by Eqs. (2)-(4).
Currents (Ag') BNC-9 BNC-15
Cg (Fg™) E(Whkg1) P(Wkg1) Ce (Fg™) E(Whkg1) P(Wkg!)
0.1 268 6.7 173 4.6 21
0.25 235 5.8 160 4.4 52
0.5 216 5.1 152 39 99
1 158 3.8 125 3.0 201

where C, V and t are the specific gravimetric, cell voltage and dis-
charge time, respectively. From Table 3 and Fig. 5(c), we can see that
the power density of BNC-15 is larger than that of BNC-9, although
BNC-9 possesses the larger energy density at the same constant
current. For example, when the current was set as 1Ag-1, the
energy densities and power densities for BNC-9 and BNC-15 were
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Fig. 5. (a) V-t plots of BNC-9 and BNC-15 with current 100 mAg-'; (b) V-t plots of
BNC-15 with currents of 0.1,0.25,0.5,and 1Ag-'; and (c) Ragone plot for BNC-9 and
BNC-15 in KOH electrolyte.

3.8/3.0Whkg~! and 165/201 Wkg~!, respectively. Thus, BNC-15
may be more suitable to apply in high-power-demanded occasion,
while BCN-9 tends to store more energy.

4. Conclusions

Boron and nitrogen co-doped porous carbon materials were
synthesized through a facile procedure including nickel-contained
gel preparation, and carbonization of the gels. By adding different
masses of nickel chloride, samples with different pore structures
were obtained. The micropore volume increased from 0.21 cm? g~!
of BNC-7 to 0.34cm3g-! of BNC-9 and the mesopore volume
increased by 0.1 cm3 g~1. Large portions of mesopores and macrop-
ores formed when further increasing the mass of nickel chloride in
the gels of BNC-9, 12 and 15. Cyclic voltammetric and galvanostatic
charge/discharge were employed to investigate the electrochemical
behavior of the materials. All of the BNC samples had near rect-
angular shape I-V curves with slightly distorted at a sweep rate
of 2mVs~1, which is characteristic of electrochemical capacitor.
The deviation from the imaginary rectangular may be due to the
pseudocapacitive effects. The nitrogen, boron and oxygen incorpo-
rated into the carbon matrix enhanced the wettability between the
electrolyte and electrode materials, and the introduction of het-
eroatoms may result in the pseudocapacitive effect. The values of
capacitances per surface area of all the samples are larger than
usually reported for the double-layer capacitance (0.1-0.2 Fm—2),
which highlight the pseudocapacitive effect of boron and nitro-
gen co-doping. The charge/discharge curves of both BNC-9 and
BNC-15 have near triangular shapes, reflecting their good capac-
itive performances. BNC-9 has the largest specific capacitance and
the highest capacitance retention value was obtained in BNC-15.
The specific capacitances are 268 and 173Fg~! with the cur-
rent of 0.1 Ag~! for BNC-9 and BNC-15, respectively. When the
applied current was increased from 0.1 to 1Ag~1, the capacitances
remained 59% and 72% for BNC-9 and BNC-15, respectively. The
power density of BNC-15 is larger than that of BNC-9, but BNC-9
possesses the larger energy density at the same constant current.
When the current was set as 1Ag~!, the energy densities and
power densities for BNC-9 and BNC-15 were 3.8/3.0Whkg~! and
165/201 Wkg!, respectively. Thus, BNC-15 may be more suitable
to apply in high-power-demanded occasion, while BCN-9 tends to
store more energy.

In summary, boron as well as nitrogen doping can enhance the
specific capacitance because of pseudocapacitive effect. And sam-
ples with larger partial of mesopores have better high rate response,
while highly microporous samples can store more charges. The
results are helpful to understand the effect of heteroatoms doped
into carbon matrix on the capacitive behaviors and design differ-
ent types of supercapacitors applied in high-power-demanded or
high-energy-demanded occasions in future.
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