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ABSTRACT

Boron-doped ordered mesoporous carbons (B-OMCs) were synthesized by a one-
pot soft-templating strategy, where resorcinol and formaldehyde were used as carbon 
sources, boric acid was used as boron source, and Pluronic F127 was used as structure 
directing agent. The effect of temperature and the boric acid content on the physical 
and electrochemical properties of the resultant materials were investigated. Inductively 
coupled plasma atomic emission spectroscopy (ICP-OES) was used for elemental 
analysis of the samples. The synthesis temperature did not have an overall positive 
effect on the doping of boron with a fixed amount of boron source. However, there was 
a clear increase in the doped-boron content when both the temperature and the boric 
acid content were increased. Nitrogen adsorption analysis isotherms showed that the 
samples had similar ordered mesoporous structures with surface areas varying between 
535 and 712 m2/g. The uniform morphology in transmission electron microscopy (TEM) 
also confirmed the ordered mesoporous structure. Employing cyclic voltammetry 
analysis, the highest oxygen reduction activity (-0.28 mA/cm2) was achieved with the 
highest boron-doping percentage (0.29%) for a synthesis temperature of 77°C and boric 
acid to carbon ratio of 2. These results show that the boron-doped ordered mesoporous 
carbon is a promising material as catalyst support for improving the oxygen reduction 
reaction activity.

1. Introduction

Ordered mesoporous carbons (OMCs) are promising 
materials for fuel cell applications, thanks to their high 
surface areas and electrical conductivities making them 
excellent candidates for catalyst support. Traditionally 
used electrode supports are mostly carbon blacks 
or their derivatives which are easy to manufacture, 
typically as by-products of incomplete combustion of 
coal or petroleum products [1]. However, they have 
shortcomings such as having significant microporosity. 
They lack a well-defined morphology which makes 
modeling and prediction of mass transfer and kinetics 
at the surface difficult. They have low electroactivity 
for oxygen reduction reaction and weakly bind the 
metallic nanoparticles [2]. On the other side, OMCs 
have uniform textures with pore sizes in the mesopore 
range, typically large enough for an effective mass 
transfer. At the same time, the mesostructure provides 
sufficient contact area for the surface reactions. The 
effectiveness of OMCs as catalyst support mostly 
depends on the morphology and the surface chemistry, 
which can vary significantly by the synthesis method 
[3,4].
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There are two main strategies to synthesize OMCs, 
the hard-template and the soft-template methods 
[5]. The hard-template method involves the use of 
a silica-based template with a predefined ordered 
mesostructure. This template is infiltrated with a 
carbon source, followed by carbonization and removal 
of the template by etching. This method is successful 
in producing highly ordered carbon structures thanks 
to the ordered silica template. However, it often leads 
to small pore size, which is disadvantageous both for 
mass transfer and catalyst deposition. The use of a 
hard template also makes this technique costlier. The 
alternative strategy is the soft-templating method, 
which depends on the direct synthesis of mesoporous 
carbon in a one-step, self-assembly process. In this 
method, a polymerization reaction is carried out in a 
solvent medium, where structure-directing agents 
form the soft template for the polymer. The polymer is 
then separated and carbonized in an inert atmosphere 
to produce mesoporous carbon. This method provides 
greater flexibility and enables the synthesis of a 
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wider range of pore structures [6]. Depending on 
the synthesis parameters such as acidity, carbon-to-
surfactant ratio, and carbon source type, the structure 
may vary in a wide range from ordered to completely 
disordered [7].

In recent years, heteroatom-doped ordered 
mesoporous carbons gained importance due to their 
potential for being used as metal-free electrocatalysts 
[8]. Many studies showed that doping of carbon 
surface with nitrogen, boron, phosphorus, or sulfur 
increases its oxygen reduction reaction (ORR) activity 
significantly [9-12]. This may lead to the elimination 
of the need to use costly noble metal catalysts, 
most notably platinum and palladium. The activity of 
doped carbons is still inferior to traditional catalysts, 
however, they have great potential in specific cases 
where high ORR activity is not needed. One example 
is the cathode of the microbial fuel cell, where the 
performance is limited by the rate of anodic reaction 
and the cathode cost is the primary issue rather than 
the activity [13].

Among different types of doped carbons, the boron-
doped mesoporous carbons (B-OMCs) attracted 
attention due to their unique properties which make 
them suitable candidates as ORR catalysts. The 
observed oxygen reduction activity of boron-doped 
carbons is mainly attributed to two factors. The 
boron atoms adjacent to carbon atoms are positively 
polarized due to their lower electronegativity, therefore 
enhancing the adsorption of oxygen molecules. 
The other factor is the transfer of π-electrons in the 
carbon-conjugated system to the p-orbital of boron 
atoms, rendering them electron donors and enhancing 
the ORR [14]. Sheng et al. synthesized boron-doped 
graphene by thermal annealing in the presence of 
boron oxide. The resultant material showed great 
electroactivity toward ORR in alkaline medium, due 
to the electron-withdrawing capability of boron atoms 
[15]. Su et al. synthesized boron-doped ordered 
mesoporous carbons using a solvent evaporation-
induced self-assembly technique and obtained high-
level boron content (> 1% wt). They showed that 
boron-doping of carbon enhanced the ORR activity in 
alkaline media, and the highest activity was obtained 
from the sample with 1.17% boron content [16]. Zeng 
et al. studied boron and nitrogen co-doped ordered 

mesoporous carbons and their ORR activities. They 
reported excellent ORR activities, where the half-wave 
potential of the prepared catalysts shifted negatively by 
only 60 mV compared to the commercial Pt/C catalyst 
[17]. Oxygen reduction activities of some boron and 
other heteroatom-doped catalysts from the literature 
are compared in Table 1.

The electrochemical activity of B-OMCs depends on 
many parameters, most importantly the doped boron 
content and the state of boron atoms on the surface 
which is influenced by the synthesis conditions. The 
catalytic activity is generally expected to increase by 
the doped-boron content. Other parameters affecting 
the activity include the surface area and the pore size 
and geometry. The influence of various parameters on 
the physical and electrochemical properties of B-OMCs 
has been studied. Enterria et al. prepared hierarchical 
boron-doped carbons with different boron contents 
ranging from 0.42% to 2.37% using a combination 
of soft template and hydrothermal synthesis. Authors 
showed that the state of boron on the surface depends 
on the synthesis route and without the hydrothermal 
route the surface chemistry mostly consists of boron 
oxides [24]. Song et al. studied the influence of the 
formaldehyde-to-phenol ratio (F/P) on the boron 
content and pore size of B-OMCs. The surface area 
increased with the F/P ratio, while the boron content 
and the pore size first increased and then dropped 
off. The best results were obtained by an F/P ratio of 
1.5/1 which gave ordered pore structure and a high 
boron content of 1.26% [25]. Zhang et al. investigated 
the effect of pH on pore size and the boron content. 
The highest boron content was reported as 1.96% 
(wt) at the pH of 4 [26]. These studies show that the 
microstructure and surface chemistry of B-OMC vary 
greatly by synthesis conditions. The temperature of 
the synthesis medium is one of the most important 
parameters, simultaneously affecting the soft-template 
structure, boric acid solubility, and the binding of boron 
species with the polymeric assembly. However, the 
effect of temperature has not been fully elucidated.

In this study, the effects of synthesis temperature 
and the boric acid amount on the physical and 
electrochemical characteristics of the resultant 
B-OMC materials were investigated. Materials were 
synthesized by a one-pot soft-templating method. 

Table 1. Oxygen reduction activities of some heteroatom-doped carbon materials.

Material Doped content 
(% wt)

OR peak potential
(V)

OR peak current
(mA or mA/cm2)

B-doped graphene [15] 3.20 -0.34 (vs. Ag/AgCl) -0.1 mA
N-doped carbon [18] 1.10 0.78 (vs. RHE) -90 mA
B-doped OMC [19] 1.30 -0.28 (vs. Ag/AgCl) -1.4 mA/cm2

B-doped MC [20] 0.59 0.6 (vs. SCE) unspecified
B-doped nanoparticles [21] 0.67 -0.29 (vs. Ag/AgCl) unspecified
N-doped microspheres [22] 8.80 0.82 (vs. RHE) -1.5 mA/cm2

N-doped carbon black [23] 0.46 -0.19 (vs. SCE) -0.15 mA
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Characterization of the samples was carried out using 
ICP-OES, nitrogen adsorption, and transmission 
electron microscopy (TEM). Activities of selected 
samples towards oxygen reduction reaction were 
analyzed by cyclic voltammetry.

2. Experimental

2.1.  Materials

Resorcinol (C6H4(OH)2, 99%) and formaldehyde 
(CH2O, 37% wt) were used as carbon sources for the 
polymerization reaction. Triblock copolymer Pluronic 
F127 (PEO-PPO-PEO, 99%) was used as a structure-
directing agent. Boric acid (H3BO3, 99.5%) was used 
as a boron source, and hydrochloric acid (HCl, 37% wt) 
was used as a polymerization catalyst. All chemicals 
were purchased from Sigma Aldrich and used without 
further purification.

2.2. Synthesis of Boron-Doped Ordered 
Mesoporous Carbons

Boron-doped ordered mesoporous carbons (B-OMCs) 
were synthesized by the one-pot soft-template method, 
carried out at different temperatures and boric acid 
amounts to investigate their corresponding effects. In 
a typical synthesis, 1.25 g triblock copolymer Pluronic 
F127 and 1.25 g resorcinol were dissolved in 66 ml 
water-ethanol (1/2.3 v/v) solution. Boric acid was 
added to the solution, followed by magnetic stirring 
for 30 min. Then, 3.4 ml formaldehyde (37% wt) was 
added for polymerization. HCl was used as the initiator 
of the polymerization reaction. The synthesis mixture 
was stirred vigorously for another 30 min and left at 
rest for 4 days to allow phase separation. The same 
procedure was carried out at different temperatures, 
consisting of 17°C (ambient temperature), 37°C, 57°C 
and 77°C with different boric acid to carbon source 
ratios (w/w) in the range of 0.5 and 2.

Separation of phases was observed after four days, 
with the ethanol-rich phase at the top and the polymer-
rich phase at the bottom. The top phase was discarded 
using a pipette, while the polymer-rich bottom phase 
was collected and washed several times. Then it was 
transferred to a petri dish and dried in an oven at 
100°C for 24 h. The dry composite was ground and 
taken to pyrolysis. Pyrolysis of the composites was 
carried out in a tube furnace, under a controlled argon 
flow of 50 ml/min. Heating steps were adjusted to 
180°C for 5 h, 400°C for 2 h, and 850°C for 2 h. The 
resultant B-OMCs were ground to fine powder before 
being used in characterization studies. Samples were 
nominated according to the formula B-OMC-t-r, where 
t and r stood for temperature and ratio of boric acid 
to carbon source (w/w), respectively. For comparison, 
an undoped sample was prepared with the same 
procedure without using boric acid and was named 
OMC-17-0. A schematic diagram of the synthesis is 
given in Fig. 1.

2.3. Synthesis of Boron-Doped Ordered 
Mesoporous Carbons

2.3.1. Physical characterization

Prepared materials were subjected to physical 
characterization using various techniques. The 
surface areas, pore sizes, and structures were studied 
by nitrogen adsorption analysis. Measurements 
were carried out in a Quantachrome Instruments 
Autosorb model absorptiometer at 77 K. Each 
sample was degassed at 150°C for 2 h before the 
measurements. Adsorption and desorption isotherms 
were obtained in the relative pressure range between 
0 to 1. Morphological examination of the samples 
was conducted by high-contrast transmission 
electron microscopy (TEM). Images were obtained 
by a FEI Tecnai G2 Spirit Biotwin model microscope 
operating in the range of 20-120 keV. Elemental 
analysis was conducted to find out the boron contents 
using inductively coupled plasma optic emission 
spectroscopy (ICP-OES). Samples were dissolved in 
nitric acid and hydrochloric acid and heated in a CEM 
Mars 6 microwave oven to 175°C for 10 min before 
analysis.

2.3.2. Electrochemical characterization

Oxygen reduction activities of B-OMC samples were 
investigated by cyclic voltammetry. Measurements 
were carried out using a Pine AFCBP1 potentiostat for 
the potential control. Voltammograms were obtained in 
0.1 M KOH electrolyte with a three-electrode system, 
where platinum wire was used as the counter electrode 
and silver chloride (Ag/AgCl) was used as the reference 
electrode. The working electrode consisted of a glassy 
carbon electrode (d = 5 mm) coated with catalyst film. 
For the preparation of the working electrode, 10 mg 
of the B-OMC sample was mixed with 250 μL Nafion 
solution (5% wt) and homogenized mechanically to 
form a catalyst ink. 10 μL of this mixture was dropped 
on the glassy carbon surface and left to dry in ambient 
air for 15 min. The working electrode was polished with 
alumina paste between measurements. Voltammetric 
scans were performed in oxygen-saturated and argon-
saturated electrolytes by sweeping the potential in the 

Figure 1. Schematic representation of the synthesis 
procedure.
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range between -0.2 V and 1 V (vs. Ag/AgCl) with a 
sweep rate of 50 mV/s until steady voltammograms 
were obtained.

3. Results and Discussion

B-OMC samples were synthesized at four different 
temperatures and four different boric acid-to-carbon 
source ratios (B/C). The physical and electrochemical 
properties of the resultant samples were characterized 
by various methods.

3.1.  Boron-Doping Content

Boron-doping contents of the samples were determined 
by ICP-OES analysis and given in Fig. 2.

In general, results indicate an increase in doped-
boron content when both temperature and the boric 
acid amount are increased. This can be explained by 
the fact that higher concentrations of boric acid result 
in increased interaction of boric acid with the hydroxyl 
groups of the polymeric chain through hydrogen 
bondings. However, at the fixed boric acid ratio of 0.5 
a positive linear correlation between boron-doping and 
temperature was not observed. Higher temperatures 
may also have a countering effect on boron doping, as 
the strength of the hydrogen bonding is known to be 
adversely affected by temperature [27]. Overall, it is 
evident that the amount of boric acid is more effective 
in obtaining higher boron doping. Su et al. also 
reported an increase in boron content with the amount 
of boron source [16]. Another study by Wickramaratne 
et al. showed similar results where the boron-doping 
increased with the boron source amount [28].

3.2.  Surface Properties and Mesopore Structure

The nitrogen adsorption technique was used to 
measure the surface areas of the samples. Surface 
areas were calculated according to the Brunnauer-
Emmet-Teller (BET) model and given in Table 2. 
The lowest BET surface area was measured as 
535 m2/g with OMC-57-1.5, while the highest was 
measured as 712 m2/g with OMC-77-0.5. These 
values are comparable to commercially used carbon 
supports such as Vulcan XC 72 carbon black which 
has a surface area of 245 m2/g [29]. Comparing the 
samples prepared at the same temperature, the 
surface areas did not vary much with the boric acid 
ratio or the doped boron content. An exception is the 
samples prepared at 77°C, where the B-OMC-77-2 
sample had a significantly lower surface area than 
B-OMC-77-0.5. This is probably due to the growth of 
micelles size over a certain boric acid concentration. 
It has been reported that low pH values can increase 
the aggregation number and core radius of micelles in 
ethanol/water mixtures [30]. On the other side, low and 
high temperatures led to higher surface areas whereas 
mid-range temperatures gave lower surface areas, so 
the variation of surface area with temperature did not 
follow a linear correlation.

Selected samples were also examined for their 
adsorption and desorption isotherms to investigate 
the pore structure. Fig. 3 shows that the isotherms 
are similar and follow the type IV behavior, which is 
characteristic of the mesoporous materials. Significant 
hysteresis loops of H1 type starting around P/P0 = 0.4, 
can be seen in all samples. The hysteresis extends 
to P/P0 = 0.8 for OMC-77-2 and further to 0.85 for 
B-OMC-57-1.5 and OMC-17-0, suggesting the 
presence of larger pores in the latter two samples. The 
steepness of hysteresis is indicative of narrow pore 
size distribution and an ordered structure. The inset 
figure in Fig. 3 shows the comparison of the pore size 
distributions of B-OMC-77-2 and B-OMC-57-1.5. It can 
be seen that both materials have uniform pore sizes 
giving peaks at 2.7 nm and 3.7 nm for B-OMC-77-2 
and B-OMC-57-1.5, respectively.

Table 2. BET surface areas and doped-boron contents of 
the samples.

Sample sBET
(m2/g)

Doped-boron 
content (% wt)

OMC-17-0 684 0
B-OMC-17-0.5 702 0.09
B-OMC-37-0.5 542 0.22
B-OMC-37-1 547 0.15
B-OMC-57-0.5 538 0.06
B-OMC-57-1.5 535 0.25
B-OMC-77-0.5 712 0.10
B-OMC-77-2 617 0.29

When the boric acid ratio was fixed at 0.5 (w/w), 
increasing the temperature from 17°C to 37°C led to 
an increase in doped-boron content from 0.09% to 
0.22% (wt%). However, at higher temperatures, there 
was a significant drop in the boron-doping nearly to the 
level obtained at room temperature. On the other side, 
when the boric acid ratio was increased simultaneously 
with temperature, the boron content showed a clear 
increasing trend with temperature. The highest boron 
content was obtained with 0.29% at 77°C using a B/C 
ratio of 2. Doped-boron contents can be seen in Table 
2.

Figure 2. Boron-doping contents of samples measured by 
ICP-OES analysis.
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3.4.  Electrochemical Activity

Cyclic voltammetry measurements were carried out 
to examine the oxygen reduction activities of selected 
samples, namely, B-OMC-77-2 and B-OMC-57-1.5 
due to their relatively higher doped-boron contents. 
The undoped OMC-17-0 sample was also analyzed 
for comparison. As seen in Fig. 5(a), the OMC-17-0 
sample gave a mostly featureless voltammogram, 
consisting of current due to reduction-oxidation on the 
carbon surface which is also known to be electroactive 
[32]. On the other hand, OMC-77-2 and OMC-57-1.5 
gave apparent cathodic peaks near the potential of 
-300 mV which were due to the reduction of oxygen 
in alkaline medium. The difference between the doped 
and undoped samples clearly shows that boron-
doping improves the electroactivity based on oxygen 
reduction. The peak current densities for OMC-77-
2 and OMC-57-1.5 were obtained as -0.28 mA/cm2 
and -0.23 mA/cm2 respectively, showing an increase 
in activity with the doped-boron content. The broad 
structure of peaks shows that the oxygen reduction 
mechanism does not occur in a single-step mechanism, 
but rather involves different steps and intermediates. 
The B-OMC-77-2 sample was also analyzed in argon-
saturated electrolyte, to see the difference in activity 
due to the reduction of oxygen. As can be seen in 
Fig. 5(b), no reduction peak was observed in the Ar-
saturated electrolyte, confirming that the peak is due 
to oxygen reduction.

3.3.  Transmission Electron Microscopy (TEM) 
Analysis

High-contrast transmission electron microscopy 
(TEM) images of the B-OMC-77-2 sample were taken 
to examine the morphology of the samples. Fig. 4 
shows the images taken at different magnifications. 
The formation of an ordered structure is visible both 
in high and low magnifications. The pore texture can 
be defined as a three-dimensional interconnected type 
(Ia3d space group). In higher magnification (Fig. 4b), 
the pore sizes can be deduced to be in the mesopore 
range, more precisely, around 5 nm. Zhang et al. 
synthesized similar carbons in terms of structure and 
pore size [31].

Figure 4. TEM images of the B-OMC-77-2 sample taken at 
(a) lower and (b) higher magnifications.
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   200 nm

(b)

   50 nm
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4. Conclusions

In this study, boron-doped ordered mesoporous 
carbons (B-OMCs) were synthesized with a one-pot 
soft-templating strategy at different temperatures 
and boric acid-to-carbon source ratios. At a fixed 
boric acid ratio of 0.5, the doped boron content was 
generally low, and the temperature did not seem to 
have an overall positive effect on the doping of boron. 
However, the doping showed a clear increase in the 
boric acid amount, which can be attributed to the 
increased interaction of boric acid with the polymeric 
self-assembly. The highest doping percentage was 
obtained with 0.29% from the B-OMC-77-2 sample. 
All synthesized samples had mesoporous and orderly 
structures with surface areas varying between 535 
and 712 m2/g. TEM images revealed the presence of 
a three-dimensional mesopore texture. In the cyclic 
voltammograms, reduction peaks around 0.3 V showed 
that the B-OMC samples were electrochemically active 
toward oxygen reduction reaction. The peak current 
density increased with the doped-boron content, up 
to -0.28 mA/cm2. This shows that the OR activity of 
carbon-supported catalysts can be further increased 
by means of boron doping, which may help reduce the 
catalyst cost in fuel cells.
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