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The electrochemical properties of boron-doped ordered mesoporous carbon (BOMC) as an electrode
material and Pt catalyst support were investigated. The BOMC was synthesized and its structure was
examined by transmission electron microscopy (TEM), scanning electron microscopy, nitrogen adsorp-
tion–desorption, X-ray diffraction, Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS).
More defective sites were introduced into OMC by the doping of boron. Six electroactive compounds were
employed to investigate their electrochemical responses on BOMC and OMC modified glassy carbon elec-
trodes. The BOMC, with more defective sites, exhibited high activity toward the electroactive compounds.
The property of BOMC of supporting platinum nanoparticle catalyst was examined. Pt nanoparticles were
loaded onto BOMC and OMC, and this was confirmed by TEM, XPS and thermogravimetric analysis. Pt
nanoparticles with an average diameter of 2.62 nm were deposited on BOMC. The doping of boron into
OMC facilitates the dispersion of Pt nanoparticles. Pt nanoparticles supported on BOMC (Pt-BOMC) and
Pt nanoparticles supported on OMC (Pt-OMC) were electrochemically characterized. The electrocatalytic
activity of Pt-BOMC toward methanol oxidation reaction was compared with that of Pt-OMC and com-
mercial Pt-C catalyst. The results show that the electrocatalytic activity of BOMC is significantly higher
than that of other used catalysts.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Ordered mesoporous carbon (OMC), since its discovery in 1999
[1], has been receiving much attention owing to its properties such
as extremely well-ordered pore structure, high specific pore
volume, high specific surface area, tunable pore diameters in the
mesopore range, large adsorption capacities, low electron-transfer
resistance, high thermal and mechanical stabilities, and chemical
inertness [2–7]. These properties make it suitable for applications
in molecule separation [8], adsorption [9,10], catalysis [11,12], sen-
sors [13–15], energy storage and capacitors [16–18]. Several meth-
ods have been used to synthesize OMC resulting in different types
of ordered mesoporous structures. For example, CMK-3 was syn-
thesized using SBA-15 silica as the template and sucrose as the car-
bon source, giving the ordered structure of the CMK-3 carbon
which is exactly an inverse replica without involving structural
transformation during the removal of the silica template [19]. On
the basis of the properties of OMC like oxygen-containing func-
tional groups, edge plane defect sites, large surface area, widely
open and ordered structure, many electrochemical sensors were
made [2,5,20]. Its ability of loading active biomolecules and cata-
lysts was used to make several biosensors by incorporating active
molecules in OMC or immobilization of biomolecules on OMC. The
functionalization of OMC by noble metal nanoparticles [21,22],
inorganic mediators [23], organometallic catalysts [24,25], organic
redox mediators [26,27], metal oxides or sulfides [28,29], and ionic
liquids [30,31] was used to improve the catalytic properties of
OMC. Recently, in order to enhance further the materials proper-
ties, much research on doping OMC by heteroatoms was adopted.

Metal-free heteroatom-incorporated OMC attracted much
attention because they are cheap, highly active and selective
electrocatalysts [32–35]. Much research on carbon materials has
shown that the modification with electron-donating or electron-
withdrawing elements, such as N, P, B, and O, could change the
electronic properties of carbons and produce additional functional
groups on the carbon surface, and as a result, greatly enhance the
electrochemical performance of carbon materials [32–36]. For
example, Yang and coworkers synthesized phosphorus-doped
ordered mesoporous carbons (POMC) with different lengths, using
a nanocasting method of SBA-15 mesoporous silica with different
sizes as template and triphenylphosphine and phenol as phospho-
rus and carbon sources, respectively. The obtained POMC with a
small amount of P doping was demonstrated as a metal-free
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electrode with excellent electrocatalytic activity for oxygen reduc-
tion reaction, coupled with much enhanced stability and alcohol
tolerance compared to those of platinum by four-electron pathway
in alkaline medium [32]. Among these various heteroatoms, boron
is an element, bearing three valence electrons.

Owing to its three valence electrons, oxidation-resistance, and
being favorable to graphitization, boron is considered as a good
dopant [37]. After its incorporation in carbon materials, there is
remarkable improvement in the electrochemical activities of the
resulting product. The existence of B–C bonds in the carbon frame-
work can lower the Fermi level of the structure and then tune the
properties of oxygen chemisorption and electrochemistry for redox
reactions [35,37–40]. The previous studies showed that the exis-
tence of boron restricts the C–O2 reaction because boron can act
as an electron acceptor and reduce the electron density at the car-
bon crystallite edges [38]. The boron-doped carbon materials such
as boron doped diamond [41,42], graphene [43,44], carbon nano-
tube [45–47], and porous carbon [33–35,37,40], exhibited good
performance for different applications. Despite the good electro-
chemical performance of OMC compared with other carbon mate-
rials and the advantages of boron doping, to date, there have been
only few studies on the electrochemical applications of boron-
doped ordered mesoporous carbon (BOMC) [34,35,39].

In this work, the electrochemical properties of BOMC as an
electrode material and Pt catalyst support were investigated. The
electrochemical and catalytic performance of BOMC was studied
and compared with that of OMC. We focused on the response at
BOMC-modified glassy carbon electrode (BOMC/GCE) and OMC-
modified glassy carbon electrode (OMC/GCE) for the electrocataly-
sis of six electroactive compounds and biomolecules (ascorbic acid
(AA), dopamine (DA), uric acid (UA), b-nicotinamide adenine dinu-
cleotide (NADH), hydrogen peroxide (H2O2), and glucose). The pre-
vious research showed that boron doping can introduce active sites
on carbon nanomaterials, acting as the anchoring sites to support
catalyst nanoparticles [47]. In this work, the platinum nanoparti-
cles were incorporated in the pores of BOMC. The electrocatalytic
performance of the obtained Pt nanoparticles supported on BOMC
(Pt-BOMC), for direct methanol oxidation reaction, was investi-
gated by comparing its activity with that of Pt nanoparticles sup-
ported on OMC (Pt-OMC) and commercial Pt-C catalyst.
2. Experimental

2.1. Reagents

Pluronic P123 (non-ionic triblock copolymer, EO20PO70EO20),
Nafion (5 wt.%), NADH, DA, AA and UA were purchased from
Sigma–Aldrich (MO, USA). H2O2 was obtained from Beijing Chem-
ical Co. (China). Glucose, methanol, sucrose and 4-hydrox-
yphenylboronic acid were purchased from Sinopharm Chemical
Reagent Co., Ltd. China. All other used reagents were of analytical
grade and used as received without further purification. A 0.1 M
pH 7.4 phosphate buffer solution (PBS), prepared using a combina-
tion of NaH2PO4, Na2HPO4 and H3PO4, was used in all electrochem-
ical studies, except in methanol oxidation reactions where 0.5 M
H2SO4 was used.
2.2. Apparatus and measurements

Cyclic voltammetry (CV) and amperometric i–t curves were
performed with a CHI 830B electrochemical workstation (CH
Instruments, Shanghai Chenhua Instrument Corporation, China).
The chronoamperometry for methanol oxidation was conducted
using a Par 2273 Potentiostats-Electrochemistry Workstation.
A three-electrode configuration was employed, with a modified
glassy carbon electrode (GCE, 3.0 mm in diameter) serving as the
working electrode, and Ag/AgCl (in saturated KCl solution) and
platinum wire serving as the reference and counter electrodes,
respectively. All potentials in this work were measured and
reported versus Ag/AgCl. The electrochemical reactions were car-
ried out at room temperature. Philips XL-30 ESEM was used to
determine the morphology of product. The samples were cast on
indium tin oxide glass for SEM measurement. Transmission elec-
tron microscopy (TEM) images were obtained using a JEM-2100F
transmission electron microscope (JEOL, Japan) operating at
200 kV. The nitrogen adsorption–desorption isotherm was per-
formed on an ASAP 2020 (Micromeritics, USA). The Brunauer–
Emmett–Teller (BET) method was utilized to calculate the specific
surface area. The pore size distribution was derived from the
adsorption branch by using the Barrett–Joyner–Halenda model.
X-ray diffraction (XRD) pattern was obtained on an X-ray D/max-
2200vpc (Rigaku Corporation, Japan) instrument operated at
40 kV and 20 mA using Cu Ka radiation (k = 0.15406 nm). Raman
spectra were obtained using a confocal microprobe Raman system
(HR800, Jobin Yvon). X-ray photoelectron spectroscopy (XPS) was
measured using Thermo ESCA LAB spectrometer (USA). The bind-
ing energies were calibrated by using the containment carbon
(C1s = 284.6 eV). Thermogravimetric analysis (TGA) was per-
formed on a PerkinElmer Diamond TG Analyzer and the Pt content
was determined by TGA.

2.3. Preparation of OMC, BOMC, Pt-OMC and Pt-BOMC

SBA-15, the silica template, was synthesized using Pluronic
P123 as the surfactant and tetraethyl orthosilicate as the silica pre-
cursor [48]. The OMC was prepared according to the method
reported by Jun and coworkers, using SBA-15 and sucrose as tem-
plate and carbon precursor, respectively [19]. The BOMC was pre-
pared by adjusting the mass ratio of 4-hydroxyphenylboronic acid/
sucrose to 0.15. In order to extensively dissolve the remaining
boron oxide, the obtained BOMC was further boiled in deionized
water at 100 �C for 6 h [34].

To prepare Pt-BOMC, 25 mg of BOMC was dispersed in 20 mL of
double distilled water containing 13 mg of H2PtCl6�6H2O and the
mixture was sonicated for about 30 min. After that, 2 mL of HCOOH
was added dropwise with ultrasonication and the solution was
kept at room temperature. After 72 h, the product was collected
and washed several times with double distilled water, and dried
at 70 �C. The Pt-OMC was prepared in the same way by using
OMC instead of BOMC.

2.4. Electrode preparation and modification

GCE (3 mm diameter) was polished with 1, 0.3 and 0.05 lm alu-
mina powders, respectively, rinsed thoroughly with double-dis-
tilled water between each polishing step, then ultrasonically
cleaned with double-distilled water, and dried with nitrogen
stream. BOMC/GCE was prepared by casting 5 lL of BOMC suspen-
sion (1 mL of N,N0-dimethylformamide (DMF) and 0.5 mg of
BOMC) on the pretreated GCE surface, and dried under an infrared
lamp. The preparation of OMC/GCE was done in the same way as
BOMC/GCE.

Glucose oxidase (GOx) was used for glucose detection. To obtain
BOMC/GOx/Nafion/GC electrode, 5 lL of GOx solution
(10 mg mL�1) was loaded onto the BOMC/GC electrode and the
modified electrode was dried in a refrigerator at 4 �C. After drying,
5 lL of 0.5 wt.% Nafion solution was dropped on the modified elec-
trode surface and dried also at 4 �C. The OMC/GOx/Nafion/GC elec-
trode was made correspondingly.

Pt-BOMC/GCE was prepared by depositing 5 lL of Pt-BOMC sus-
pension (2 mg of Pt-BOMCs and 1 mL of 0.5 wt.% Nafion solution)
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on the well-cleaned GCE surface and the modified electrode was
dried at room temperature. The Pt-OMC/GCE was obtained using
the same procedure by using Pt-OMC suspension.
3. Results and discussion

3.1. Characterization

3.1.1. Characterization of BOMC
The morphologies and structures of OMC and BOMC were char-

acterized by SEM and TEM. The TEM image of OMC (Fig. 1a) shows
the hexagonal honeycomb-like arrangement of mesopores of OMC.
The SEM analysis (inset of Fig. 1a) indicates that OMC is made of
rod-like particles. Fig. 1b shows the TEM image of BOMC and dis-
plays the mesoporous honeycomb structure of BOMC. On the
SEM image of BOMC (inset of Fig. 1b), it is shown that BOMC is
composed of rode-like particles. The BOMC is the replica of SBA-
15 template. From these results, it is demonstrated that the
ordered mesoporous structure was maintained well after the
incorporation of B.
Fig. 1. (a) TEM image of OMC. Inset: SEM image of OMC. (b) TEM image of BOMC. Inset:
line) and BOMC (red line). Inset: Pore size distributions of OMC (black line) and BOMC (r
Raman spectra of OMC (black line) and BOMC (red line). (f) High-resolution B 1s core-lev
legend, the reader is referred to the web version of this article.)
Fig. 1c shows the nitrogen adsorption–desorption isotherms
and the corresponding pore size distribution curves of OMC and
BOMC. From the nitrogen adsorption isotherms, the specific
surface area, pore volume and pore size distribution, were calcu-
lated. The nitrogen adsorption–desorption isotherm of OMC shows
a type IV curve with a Brunauer–Emmett–Teller (BET) surface area
of 1255 m2 g�1 (black line in Fig. 1c), a total pore volume of
1.55 cm3 g�1, and the pore size of 5.0 nm (black line in the inset
of Fig. 1c). The nitrogen adsorption data of BOMC present a type
IV isotherm with BET surface area of 900 m2 g�1 (red line in
Fig. 1c), total pore volume of 1.24 cm3 g�1, and the pore size of
6.4 nm (red line in the inset of Fig. 1c). These results reveal that
the incorporation of B into the framework of OMC leads to a
decrease in the specific surface area and pore volume of OMC.

The small-angle XRD patterns of OMC and BOMC are shown in
Fig. 1d. The small-angle XRD of OMC (black line) displays three
well-resolved diffraction peaks, which correspond to (100),
(110), and (200) reflections of two-dimensional hexagonal
arrangements. The small-angle XRD pattern of BOMC (red line)
shows also three well-resolved peaks, corresponding to the (100),
(110), and (200) reflections of the 2-dimensional hexagonal
SEM image of BOMC. (c) Nitrogen adsorption–desorption isotherms of OMC (black
ed line). (d) Small-angle XRD patterns of OMC (black line) and BOMC (red line). (e)

el XPS spectrum of BOMC. (For interpretation of the references to color in this figure
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mesostructure. This confirms that the synthesized BOMC is the rep-
lica of the parent template which is SBA-15. Compared with OMC,
the (100) peak of BOMC shows a shift toward large angle, indicat-
ing the decrease in cell parameter after the doping of B.

Raman spectroscopy was used to observe the structural changes
brought by boron doping in OMC. Fig. 1e shows the Raman spectra
of OMC (black line) and BOMC (red line), in which a strong peak at
about 1590 cm�1 (G-band) and a weak peak at 1397 cm�1 (D-band)
can be clearly seen. The observed D and G bands, in both OMC and
BOMC spectra, correspond to defects and hexagonal graphene
plane, respectively. This means that the relative intensity ratio of
the D and G bands (ID/IG ratio) is proportional to the number of
defect sites in graphite carbon [34,40,49]. The ID/IG ratio of BOMC
(2.39) is larger than that of OMC (2.01), indicating the introduction
of defects and imperfections into carbon lattice by boron doping.

The presence of B in BOMC was investigated by XPS. The
detailed B1s XPS spectra of the BOMC sample, which are evident
for the existence of boron heteroatoms in the forms of different
bonds, are shown in Fig. 1f. From the B1s XPS spectra, it is clearly
shown that there are six peaks at 185.5 (B cluster, blue–green line),
187.5 (B4C, purple line), 189.6 (BC3, olive line), 191.2 (BC2O, dark-
blue line), 192.1 (BCO2, yellow line) and 193.1 eV (B2O3, cyan line)
[34,45]. The presence of B2O3 may due to the decomposition of a
small amount of un-reacted boric acid in the carbonization process.
The binding energy indicates that boron is bonded to carbon in the
sp2 carbon network. The incorporation of boron can disrupt sp2

hybridization of carbon framework. The presence of the B–C bond-
ing in deconvoluted B1s signals provides evidence for the replace-
ment of C atoms within the BOMC sheet by highly coordinated
boron dopants. The result demonstrates that boron with content
of 1.3 at.% can be doped into the framework of BOMC. These results
from XPS analysis confirm that B atoms were doped into the frame-
work of OMC.
Fig. 2. (a) TEM images of Pt-OMC. Inset indicates the particle size distribution of the Pt na
distribution of the Pt nanoparticles on the BOMC. (c) XPS patterns of Pt 4f for Pt-BOMC
references to color in this figure legend, the reader is referred to the web version of thi
3.1.2. Characterization of Pt-BOMC
The property of BOMC of acting as support for noble metal

nanoparticle catalysts was also investigated. Pt, as one of the most
used noble metal catalysts, was employed in this study. In practical
usage, Pt nanoparticles are generally dispersed with a conducting
support in order to avoid their agglomerations and keep their
activities [15]. In this work, the Pt nanoparticles were incorporated
in the pores of BOMC and that incorporation was proved by the
characterization of the resulting Pt-BOMC.

The structural characterization of Pt-BOMC is shown in Fig. 2.
Fig. 2a and b shows the TEM images of Pt-OMC (a) and Pt-BOMC
(b), and the insets indicate the particle size distribution of the Pt
nanoparticles on the OMC (inset of Fig. 2a) and on BOMC (inset
of Fig. 2b). As shown in the histograms, the average diameter of
100 particles on Pt-OMC was found to be 4.36 nm and that of
100 particles on Pt-BOMC is 2.62 nm. It can be seen that Pt nano-
particles on OMC tend to aggregate and form large particle clusters.
In contrast, the Pt nanoparticles on BOMC are uniformly distrib-
uted with good dispersion. More defective sites are responsible
for high dispersion of Pt nanoparticles on BOMC. The XPS patterns
of Pt 4f for Pt-BOMC (Fig. 2c) confirm the presence of Pt nanopar-
ticles on BOMC. TGA was used to determine the content of the Pt
nanoparticles in Pt-OMC and Pt-BOMC. Fig. 2d shows the TGA of
Pt-OMC (red line) and Pt-BOMC (black line). The results show that
the weight of Pt is around 10% in Pt-OMC and Pt-BOMC.

Pt-OMC/GCE and Pt-BOMC/GCE were characterized electro-
chemically in N2-saturated 0.5 M H2SO4 solution at the scan rate
of 50 mV s�1 (Fig. 3). The electrochemical surface area (ECSA) of
the Pt nanoparticles supported on the OMC and BOMC was calcu-
lated by integrating the total charge corresponding to the adsorp-
tion peak of hydrogen, and normalizing with scan rate, Pt loading,
and the charge value of 210 lC cm�2 for Pt surface. The obtained
results show that the ECSA of Pt-BOMC (112.178 m2 g�1) is
noparticles on the OMC. (b) TEM images of Pt-BOMC. Inset indicates the particle size
. (d) TGA of Pt-BOMC (black line) and Pt-OMC (red line). (For interpretation of the
s article.)



Fig. 3. CVs of Pt-BOMC/GCE (black line) and Pt-OMC/GCE (red line) under N2

atmosphere 0.5 M H2SO4 at the scan rate of 50 mV s�1. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Table of summary of cyclic voltammetry data of AA, DA and UA, obtained at GCE,
OMC/GCE and BOMC/GCE.

GCE OMC/GCE BOMC/GCE

Ep (V) Ip (lA) Ep (V) Ip (lA) Ep (V) Ip (lA)

AA 0.217 23.260 0.020 38.175 �0.006 56.270
UA 0.373 4.766 0.319 16.860 0.318 30.810
DA 0.237 48.934 0.222 81.133 0.221 123.298
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approximately 2.1 times larger than that of Pt-OMC (53.54 m2 g�1).
The presence of the defect sites on the BOMC provides strong inter-
action with Pt and serves as anchor sites for the heterogeneous
nucleation of Pt. The doping of boron leads to a uniform deposition
of Pt nanoparticles on BOMC and thus high electrochemical surface
area.

3.2. Electrochemical response of BOMC/GE to different biomolecules

The electrocatalytic activity of BOMC was investigated by com-
paring the electrochemical response of BOMC/GCE with that of
OMC/GCE to different biomolecules. AA, or vitamin C, is important
as an antioxidant and participates in numerous cellular functions
[50]. It is also a powerful antioxidant in food, preventing color
changes and alterations of aroma and flavor and extending the
storage time of the products [51]. DA is one of the most important
neurotransmitters and it plays a significant role in the functioning
of central nervous, renal and hormonal systems [13]. The research
has shown that the abnormal levels of UA in the body are symptom
of several diseases such as gout, Lesch–Nyan syndrome, cardiovas-
cular and kidney damages [24,52]. H2O2 has wide applications in
industrial processes, and it is a very important intermediate in
environmental and biological reactions. It is one of the most impor-
tant analytes in the field of electroanalysis as it is cytotoxic, an
indicator of oxidative stress and the product of several enzyme-
catalyzed reactions [53–55]. NADH is involved as a cofactor in
several hundred enzymatic reactions of NAD+/NADH-dependent
dehydrogenases [42,56]. Its determination is very important
because NADH and its oxidized form (NAD+) are the coenzymes
for a large number of dehydrogenase enzymes and components
of biomarker systems [57–59].
Fig. 4. (a) CVs for 2 mM AA at GCE (a1), OMC/GCE (a2) and BOMC/GCE (a3). (b) CVs for 2
(c1), OMC/GCE (c2) and BOMC/GCE (c3). Supporting electrolyte: 0.1 M PBS (pH 7.4). Sca
Fig. 4a–c shows the CVs for AA (a), DA (b) and UA (c) at GCE,
OMC/GCE and BOMC/GCE. The obtained results are summarized
in Table 1. It is seen that BOMC/GCE (a3) exhibits a negatively
shifted potential and a rapidly increasing peak current compared
with OMC/GCE (a2) activity toward AA. Different from DA and
UA oxidations, only the sharply increased peak currents are
observed at BOMC/GCE (b3 and c3) compared with OMC/GCE (b2
and c2). These results show that BOMC/GCE exhibits different elec-
trochemical behavior to different molecules. The change in OMC’s
properties by introduction of B into its framework may be the
cause of this electrocatalytic behavior of BOMC. Such enhanced
electrocatalytic performance of BOMC can be the basis of the
fabrication of highly effective electrochemical sensors.

The generation of edge plane like-sites or defects is observed
after doping in BOMC. It has been reported that carbon materials
with high edge plane sites or defects possess a high density of elec-
tronic states, which is the key factor in determining the heteroge-
neous electron transfer rate of electrode [43,46]. The pristine OMC
has low defective sites and there are no dangling bonds because
the carbon atoms have satisfied valances. When boron is intro-
duced, the surface is disturbed and surface defects are introduced.
The high density of electronic states at BOMC is increased through
defective sites and then electroactive species exhibit increasing
electron transfer rates.

In this study, H2O2 and NADH were detected by CV and amper-
ometry at different electrodes. Fig. 5a and b shows CVs of 5 mM
H2O2 and 5 mM NADH at GCE (a1 and b1), OMC/GCE (a2 and b2)
and BOMC/GCE (a3 and b3) in 0.1 M PBS (pH 7.4) at the scan rate
of 50 mV s�1. The results show that the onset potentials of H2O2

oxidation on GCE, OMC/GCE and BOMC/GCE are 0.64 V, 0.45 V,
and 0.38 V, respectively. The peak potentials of NADH oxidation
are shifted from 0.60 V on GCE and 0.39 V on OMC/GCE to 0.21 V
on BOMC/GCE. This indicates the superior electrochemical activity
of BOMC/GCE toward H2O2 and NADH compared with that of OMC/
GCE and GCE. The comparison of the amperometric responses of
OMC/GCE and BOMC/GCE with successive additions of 0.1 mM
H2O2 at +0.38 V and 0.1 mM NADH at +0.21 V is presented in
Fig. 5c and d. As shown, BOMC/GCE exhibits faster responses after
each addition of H2O2 compared with OMC/GCE, and it is the same
for NADH. The corresponding calibration curves are shown in the
insets of Fig. 5c and d. The sensitivities to H2O2 on OMC/GCE and
mM DA at GCE (b1), OMC/GCE (b2) and OMC/GCE (b3). (c) CVs for 1 mM UA at GCE
n rate: 50 mV s�1.



Fig. 5. (a) CVs of 5 mM H2O2 at GCE (a1), OMC/GCE (a2) and BOMC/GCE (a3). (b) CVs of 5 mM NADH at GCE (b1), OMC/GCE (b2) and BOMC/GCE (b3). Scan rate: 50 mV s�1.
(c) Current–time curves of OMC/GCE (1) and BOMC/GCE (2) at +0.38 V with successive additions of 0.1 mM H2O2. Inset: Calibration curves for H2O2 on OMC/GCE (blue) and
BOMC/GCE (red). (d) Current–time curves of OMC/GCE (1) and BOMC/GCE (2) at +0.21 V with successive additions of 0.1 mM NADH. Inset: Calibration curves for NADH on
OMC/GCE (blue) and BOMC/GCE (red). Supporting electrolyte: 0.1 PBS (pH 7.4). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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on BOMC/GCE are 1.301 and 2.769 lA mM�1, respectively. The cal-
culated detection limits of H2O2 on OMC/GCE and BOMC/GCE are
10.4 lM and 9.59 lM (S/N = 3), respectively. For NADH, the sensi-
tivity on OMC/GCE is 10.290 lA mM�1 and on BOMC/GCE is
12.965 lA mM�1. The corresponding detection limit of NADH on
OMC/GCE is 116.3 lM and that on BOMC/GCE is 74.4 lM. From
these results, it is seen that the performance of BOMC in the elec-
trochemical detection of H2O2 and NADH is higher than that of
OMC. It is possible that this is due to the electronic structure and
pore size of BOMC brought by the incorporation of B into the
framework of OMC, which might provide many active sites for
electron transfer. The edge-plane-like defective sites may be also
the source of that electrocatalytic behavior of BOMC [46]. The
obtained results suggest that, from BOMC, the advanced H2O2

and NADH electrochemical sensors can be constructed.
The ability of BOMC of loading active biomolecules was investi-

gated by using GOx. Fig. 6 shows the electrocatalytic behavior of
BOMC/GOx/Nafion/GCE toward the electrochemical detection
of glucose in 0.1 M PBS (pH 7.4). The electrocatalytic oxidation of
glucose is important because of its medical application in blood
glucose sensing and bio-fuel cells [46]. The detection of glucose
can be based on H2O2 formed during enzyme-catalyzed reaction
[60]:
Glucoseþ O2 ����!
Gox Gluconic acidþH2O2

Based on the higher performance of BOMC in H2O2

electrochemical detection compared with that of OMC, the direct
electrochemical detection of glucose using BOMC was investigated.

As shown in Fig. 6a displaying the CVs, the BOMC/GOx/Nafion/
GCE (red line), in oxygen-saturated PBS containing 20 mM glucose
(pH 7.4) at the scan rate of 50 mV s�1, exhibited a remarkable
increase in the catalytic oxidation current compared with OMC/
GOx/Nafion/GCE (blue line) and GOx/Nafion/GCE (black line).
These results are consistent with that of CVs for the electrocatalytic
oxidation of H2O2 (Fig. 5a). This reveals that the improved electro-
chemical reactivity was accomplished on BOMC/GOx/Nafion/GCE.
Fig. 6b shows the amperometric responses obtained at +0.38 V
for OMC/GOx/Nafion/GCE (1) and BOMC/GOx/Nafion/GCE (2) with
successive additions of 0.5 mM glucose in stirred PBS. It can be
seen from Fig. 6b that the amperometric response for BOMC/
GOx/Nafion/GCE is higher than that for OMC/GOx/Nafion/GCE.
The corresponding calibration plots recorded on OMC/GOx/Naf-
ion/GCE and BOMC/GOx/Nafion/GCE are shown in the inset of
Fig. 4b. The sensitivities to glucose on OMC/GOx/Nafion/GCE and
BOMC/GOx/Nafion/GCE are 0.487 and 1.074 lA mM�1, respec-
tively. The detection limit of glucose to around 39 lM for BOMC/
GOx/Nafion/GCE is much lower than 278 lM for OMC/GOx/Naf-
ion/GCE. These results show the significantly enhanced perfor-
mance on BOMC/GOx/Nafion/GCE for glucose detection compared
with OMC/GOx/Nafion/GCE. This enhanced performance is due to
the high electrocatalyitc activity for H2O2 at BOMC. It can be also
attributed to the physical and chemical structure of BOMC, result-
ing from the B doping, which would improve greatly the direct
electron transfer between the adsorbed GOx and the electrode.
From these observations, we can conclude that BOMC may be a
candidate for fabricating the promising glucose sensors.

3.3. Electrocatalytic oxidation of methanol at Pt-BOMC/GCE

The electrocatalytic behavior of Pt-BOMC was studied by inves-
tigating its electrocatalytic activity in the direct methanol oxida-
tion reaction. Pt-BOMC was compared with Pt-OMC and
commercial Pt-C catalyst. Fig. 7a shows the CVs of Pt-BOMC/GCE
(black line), Pt-OMC/GCE (red line) and Pt-C/GCE (blue line), in a
0.5 M H2SO4 solution with 1 M methanol at 50 mV s�1. It can be
seen that the activity of Pt-OMC is higher than that of commercial
Pt-C catalyst. Compared with Pt-OMC, a significant negative peak
potential and high peak current density can be observed on Pt-
BOMC. The oxidation peak potentials at Pt-C/GCE, Pt-OMC/GCE



Fig. 6. (a) CVs of 20 mM Glucose at GOx/Nafion/GCE (black line), OMC/GOx/Nafion/GCE (blue line) and BOMC/GOx/Nafion/GCE (red line). Scan rate: 50 mV s�1. (b) Current–
time curves of OMC/GOx/Nafion/GCE (1) and BOMC/GOx/Nafion/GCE (2) at +0.38 V with successive additions of 0.5 mM of glucose in air-saturated 0.1 M PBS pH 7.4. Inset:
Calibration curves for glucose on OMC/GOx/Nafion/GCE (blue) and BOMC/GOx/Nafion/GCE (red). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 7. (a) CVs of Pt-BOMC/GCE (black line), Pt-OMC/GCE (red line) and Pt-C/GCE (blue line) in a 0.5 M H2SO4 solution with 1 M methanol at the scan rate of 50 mV s�1. (b)
Chronoamperometric responses for the oxidation of methanol at 0.658 V on Pt-BOMC/GCE (black line), Pt-OMC/GCE (red line) and Pt-C/GCE (blue line). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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and Pt-BOMC/GCE are 0.717 V, 0.710 V, and 0.658 V, respectively.
The peak values of the oxidation current density are 0.294 A mg�1

at Pt-C/GCE, 0.360 A mg�1 at Pt-OMC/GCE, and 0.511 A mg�1 at
Pt-BOMC/GCE.

The chronoamperometric responses of Pt-C/GCE, Pt-OMC/GCE
and Pt-BOMC/GCE for methanol oxidation at 0.658 V, are shown
in Fig. 7b. The current density for Pt-BOMC (black line) at 3000s
is 6.64 times greater than that of the Pt-OMCs (red line) and
19.93 times greater than that of Pt-C (blue line) for the oxidation
of methanol. The highly remarkable electrocatalytic performance
of Pt-BOMC can be due to the better dispersion and utilization of
Pt particles, electrochemical surface area, as well as a stronger
Pt-support interaction in the Pt-BOMC catalyst. The synergetic
effect between Pt and BOMC may be the source of the highly
enhanced performance of Pt-BOMC in the electrocatalysis of
methanol oxidation.

4. Conclusion

The electrochemical properties of BOMC as an electrode mate-
rial and Pt catalysts support were investigated. The TEM, SEM,
BET specific surface area, XRD, Raman spectroscopy, and XPS stud-
ies showed the structure of BOMC. The electrochemical behaviors
of different electroactive compounds were studied at BOMC/GCE,
which exhibited higher electrochemical activity than OMC/GCE
and GCE. The ability of BOMC of loading active biomolecules was
investigated by using glucose oxidase. BOMC showed higher sensi-
tivities and lower detection limits toward H2O2, NADH and glucose
electrochemical detection compared with OMC. It was found that
BOMC supports Pt nanoparticles more efficiently than OMC. The
average diameter of Pt particles on Pt-BOMC was found to be
2.62 nm. The structure and electrocatalytic activity of the obtained
Pt-BOMC were studied. The Pt-BOMC’s activity in the electrocatal-
ysis of methanol oxidation reaction was found to be remarkably
higher than that of Pt-OMC and commercial Pt-C catalyst. This
enhanced performance of BOMC may be attributed to its structural
characteristics and the synergetic effect between boron and OMC.
All those facts suggest that BOMC is an electrode material for the
construction of various promising electrochemical devices.
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