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ABSTRACT: Mesoporous carbon materials have been increas-
ingly studied due to their large specific surface area and good
chemical stability. Optimizing their functionality through a doping
modification can broaden their application in many fields. Herein, a
series of B-doped mesoporous carbon materials are prepared by a
convenient hydrothermal synthesis using F127 as the template and ———
boric acid as the boron source. The whole material preparation k ;|
process meets the requirements of green chemistry. Notably, the COapee *°

prepared carbon materials not only exhibit good electrocatalytic

oxygen reduction to hydrogen peroxide in alkaline media but also -
have an excellent CO, adsorption capacity (up to 121.34 mg/g) at

303 K and atmospheric pressure. These results show that the prepared samples can be utilized as multifunctional materials for
handling a variety of environmental issues.

1. INTRODUCTION advantages, activated carbon, activated carbon fiber,'®
graphene,'” and mesoporous carbon'® have been increasingly
studied by researchers. Among them, mesoporous carbon
(pore sizes of 2—50 nm) is a new type of inorganic nonmetallic
carbon silica."” Mesoporous carbon not only has the
characteristics of easy surface modifications, a good heat

As human society continues to industrialize and urbanize,
environmental issues have become one of the most severe
challenges facing mankind in the 21st century." Therefore, we
need to make large breakthroughs for decreasing or removing
environmental pollution. Many researchers rated water

pollution and global warming as top public concerns.”’ In conduction, and good electron transport performance but also
terms of sewage treatments, hydrogen peroxide (H,0,) is an has an optimized pore structure, surface multiplicity, and stable
environmentally friendly strong oxidant that can remove properties compared with other carbon materials.”"' Many
harmful microorganisms and some persistent organic pollu- studies have suggested that the functional properties of
tants in water.” More importantly, the decomposition products mesoporous carbon are closely related to its surface chemical
of H,0O, are water and oxygen; thus, the use of H,0, does not properties (quantity of defects and surface functional
produce environmentally hazardous byproducts. Compared groups).”””” Accordingly, modifications with heteroatoms,
with the direct synthesis of H,O, from H, and O, and other such as nitrogen,24 oxygen,25 phosphorus,26 and boron,”” can
preparation methods that clearly have safety hazards, electro- break the inherent delocalized 7z-structure of the carbon
catalytic oxygen reduction provides a green and efficient way to material skeleton and optimize its surface characteristics.”*™°
generate H,O, through a two-electron pathway.s_8 In addition Among them, nitrogen, as the most common dopant, has
to water pollution, the problem of global warming caused by established applications in many fields. Wei et al.’' used
the release of CO, by fossil fuels in the production of chemical dicyandiamide (DCDA) as a nitrogen source and resol as a
products has also had a very large negative impact on our carbon source to prepare an N-doped mesoporous carbon

lives.”™"" Therefore, the effective capture of CO, is imperative
and imminent. From the perspective of sustainable develop-
ment, it is desirable to find a new material that can deal with a
variety of environmental problems.

With the introduction and development of nonmetallic
catalysis, carbon materials have become important functional
materials developed recently; the surface chemical properties
of carbon materials can be flexibly controlled, and their
performance can vary over a wide range, exhibiting semi-
conducting characteristics as well.'”~'* Based on the above

material and applied it to a CO, adsorption experiment. The
results showed that when using a 2.5:1 mass ratio of DCDA to
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resol at 298 K and 100 kPa, the sample prepared by KOH
activation had a high CO, adsorption capacity (up to 3.2
mmol/ g). Park et al.®” used silica KIT-6 as a hard template,
furfuryl alcohol as a carbon source, and (1-methyl-1H-pyrrol-2-
yl) methanol as a nitrogen source to successfully synthesize a
series of N-doped mesoporous carbon materials. The
synthesized carbons exhibited good catalytic activity for
preparing H,0, by electrochemical oxygen reduction.
Compared with N-doped carbon materials, there are few
reports of B-doped carbon applied in the electrocatalytic
production of hydrogen peroxide or in CO, capture. Boron has
only one electron less than carbon and their sizes are similar,
which leads to the lattice distortion of graphite after relatively
small boron doping.””** Therefore, B can also be an ideal
dopant in carbon materials.

In previous studies, most of the B-doped mesoporous carbon
materials were prepared by the hard template method. Bo et
al.’® used sucrose and 4-hydroxyphenylboronic acid as the raw
materials, and SBA-15 was used as a hard template; the mass
ratio of 4-hydroxyphenylboronic acid/sucrose was adjusted to
prepare B-doped mesoporous carbon materials. Compared
with the material without B, the carbon material doped with B
had an ordered mesoporous structure and a high boron
content. This feature allowed the material to have an onset
potential of —0.16 V during the oxygen reduction reaction
(ORR) test. Although the hard template method can control
the synthesis of mesoporous carbon by changing the external
structure of the template, there are still some shortcomings in
this method, such as the residual template material and
tedious/time-consuming preparation process. Until now, there
is no effective method to make up for these deficiencies.
Furthermore, in many respects, the hard template method is
still difficult to utilize in the mass synthesis of mesoporous
carbon materials.*® In comparison, the soft template method is
more feasible and scalable because this method does not
require prefabricated template materials and is easier to
operate.

In this paper, F127 and boric acid are used as the soft
template and boron source, respectively, and a series of B-
doped mesoporous carbon materials are prepared by changing
the molar ratio of boron to carbon and the amount of added
F127. All prepared samples have a high specific surface area,
uniform pore diameter, and regular mesoporous structure.
Experimental results show that the carbon materials modified
by B have good performance in both electrocatalytic oxygen
reduction to produce hydrogen peroxide and CO, capture.
This result is mainly because the introduction of B has a
positive effect in improving the electron-deficient active center
of the samples. The addition of B causes the material to exhibit
P-type semiconductor properties, which can improve the hole
transport properties of carbon and increase the graphitization
and oxidation resistance of the materials.

2. RESULTS AND DISCUSSION

2.1. Structural Characterization. To prepare B-doped
mesoporous carbon materials with a controllable structure and
morphology, samples with different B/C molar ratios and
template doses were characterized by transmission electron
microscopy (TEM). Here, B-MC-2, B-MC-3, B-MC-F1, and
B-MC-F2 were used as examples. Figure 1a and b shows the
TEM images of B-MC-2 and B-MC-3, respectively. The figure
shows that B-MC-2 has a hexagonal mesoporous structure,
which is conducive to mass transfer in the catalytic process.””
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Figure 1. TEM images of (a) B-MC-2, (b) B-MC-3, (c) B-MC-Fl,
and (d) B-MC-F2. (e—h) EDS elemental mappings of B-MC-F1.

Remarkably, B-MC-3 prepared with more boron shows an
irregular mesoporous structure in the TEM images. This result
is due to the addition of a large amount of B in the framework,
which distorts the carbon lattice and causes an irregular pore
structure. Figure 1c and d shows the TEM images of B-MC-F1
and B-MC-F2, respectively. Both the samples have clearly
arranged mesopores, but with the change in the quantitative
amount of the F127 template, there are clear differences in the
degree of ordering in the structure of the sample. It follows
that the appropriate amount of B doping and F127 has a
certain effect on the pore structure of the material. The energy-
dispersive spectroscopy (EDS) elemental mapping method was
used to further study the distribution of B in B-MC-F1. As
shown in Figure le—h, B is uniformly distributed in B-MC-F]1,
confirming the success of B doping into the carbon skeleton.

X-ray diffraction (XRD) is an important method for
determining the crystal structure. As revealed in Figure 2a,
all samples have two obvious peaks at 23 and 43°, which can
be indexed to the (0 0 2) and (1 0 0) lattice planes of graphitic
carbons, respectively. In addition, the changing contents of
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Figure 2. (a) Wide-angle XRD pattern of B-MC-X and B-MC-FX. (b) Small-angle XRD pattern of B-MC-X and B-MC-FX.
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Figure 3. (a) FTIR spectra of B-MC-2, B-MC-3, B-MC-F1, and B-MC-F2. (b) Raman spectra of B-MC-2, B-MC-3, B-MC-F1, and B-MC-F2.

boron and F127 affect the intensity of the diffraction peak.
When the B/C molar ratio reaches 0.075, the intensity of the
diffraction peak reaches its maximum value. Subsequently,
when the B/C molar ratio continues to increase, the diffraction
peak intensity gradually decreases. As the amount of F127
increases, the intensities of the diffraction peaks also increase.
Figure 2b shows the small-angle XRD pattern of all samples.
Some carbons exhibit a single diffraction peak of approximately
0.7° (samples B-MC-F1 and B-MC-F2). This peak originates
from a periodic pore-to-pore correlation. This indicates that
ordering is observed for B-MC-F1 and B-MC-F2; other
materials are mostly disordered.

Figure 3a shows the Fourier transform infrared spectroscopy
(FTIR) spectra of B-MC-2, B-MC-3, B-MC-F1, and B-MC-F2.
This figure shows that there are strong absorption peaks at
3438, 2990, and 1170 cm™, which correspond to the
stretching vibration peaks of O—H, C—H, and C—0.® The
characteristic peaks at 1490 and 1610 cm™" are due to the
skeleton vibration absorptions of the C=C in the benzene
ring. Furthermore, the absorption peak at 1360 cm™ is the
stretching vibration peak of BO;, and the characteristic peak at
1000 cm™" is the rocking vibration peak of B—C.””*’ As shown
by Raman spectroscopy (Figure 3b), there are two main
characteristic bands in the spectrum, the D band and the G
band, which are at approximately 1350 and 1593 cm™),
respectively. When the structural characteristics of carbon
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nanomaterials are analyzed by Raman spectroscopy, we usually
use the intensity ratio of the D peak to the G peak (Ip/Ig) to
evaluate the disorder and defect content of the material
structure.'’ This calculation shows that the Ip/I; values of B-
MC-2, B-MC-3, B-MC-F1, and B-MC-F2 are 0.84, 0.86, 0.76,
and 0.7, respectively. It is worth noting that the I/I value of
B-MC-3 is higher than that of B-MC-2, which proves that the
addition of B causes the material to exhibit more defect sites.
The Ip/Ig value decreases significantly from B-MC-2 to B-MC-
F1 and B-MC-F2, revealing that the graphitization degree of B-
MC-F2 is enhanced due to the change in the amount of F127.

To further study the influence of the boron doping amount
and the state in the carbon material, X-ray photoelectron
spectroscopy (XPS) measurements were carried out. As seen in
the full spectra (Figure 4a), the peak at 192.7 eV is a B Is
signal, and the peaks at 285.0 and 533.0 eV are the signals of C
Is and O 1Is, respectively. The B 1s spectrum of B-MC-F1
(Figure 4b) is fitted into two peaks at approximately 195.0 and
191.0 eV, which can be attributed to the characteristic peaks of
BC; and BCO,/BC,0, respectively. BCO,/BC,0 are the main
B-doped phases in the carbon layer. This is because boron is
more likely to combine with oxygen and carbon atoms.
According to the report, different types of boron bonds in B-
doped carbon materials have different contributions to catalysis
and adsorption. In regard to the C s spectrum (Figure 4c),
C=C (284.8 eV), C—0 (286.0 eV), and O=C—-0 (289.0
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Figure 4. (a) XPS survey spectra of B-MC-2, B-MC-F1, and B-MC-F2. (b—d) High-resolution B 1s, C 1s, and O 1s XPS spectra of B-MC-FI.

eV) are observed. Additionally, O=C-0 (532.5 eV), C—OH
(533.8 eV), and H,0 (534.7 eV) are observed in the O 1s fine
spectrum (Figure 4d).*" The content distribution of each
element is shown in Table 1. This table shows that with the

Table 1. Boron, Carbon, and Oxygen Species on the Surface
of the Prepared Materials

sample B 1s (atom %) C 1s (atom %) O 1s (atom %)
B-MC-2 0.4 89.01 10.6
B-MC-F1 1.27 90.54 8.19
B-MC-F2 0.59 86.93 12.47

increase in the B/C molar ratio, the content of boron and
oxygen species in the materials also increases. This result may
be because BCO,/BC,0 in the synthetic material are the main
doping phases of B in the carbon layer. With the increase in the
F127 content, the amount of boron species increases but the
content of oxygen species decreases. It is rather remarkable
that the long-range two-dimensional (2D) ordering of
defective graphene layers forming the most porous carbons
can be affected by the doping with B. At the same time,
introducing more surface groups with O can contribute to
cross-linking between stacked graphene domains. This result
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Figure 5. (a) N, adsorption—desorption isotherms of B-MC-X and B-MC-FX. (b) Pore size distributions of B-MC-X and B-MC-FX.
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may lead to B-MC-F2 with better catalytic activity in the ORR
process.

Figure Sa depicts the N, adsorption—desorption isotherms
of B-MC-X and B-MC-FX. All samples have type IV isotherms
in the relative pressure range of 0.5—0.8; additionally, a typical
H2 hysteresis loop appears, which shows that these materials
have mesoporous structures.'” As demonstrated in Figure Sb,
the pore size of all carbon materials is uniform, and the average
pore size distribution has a smaller range, which proves that
changing the amount of boric acid and F127 does not
significantly affect the pore size of the material. Table 2 shows

Table 2. Physicochemical Properties of the Mesoporous
Carbon Materials

specific surface area pore volume pore size

sample (m*/g) (cm?/g) (nm)
B-MC-1 667 0.65 3.90
B-MC-2 685 0.63 3.81
B-MC-3 600 0.58 3.88
B-MC-4 584 0.56 3.86
B-MC-F1 681 0.57 3.37
B-MC-F2 738 0.74 4.05

the corresponding textual properties of the samples. For the
most part, the specific surface area of the carbon material is
approximately S00—800 m’/g and the average pore size is
concentrated at approximately 4 nm. Furthermore, compared

with the series of B-MC-X materials, the specific surface areas
of the B-MC-EX series of materials increase, which may be due
to the influence of the template dose on the structure of the
materials.

2.2. Material Applications. 2.2.1. Electrocatalytic 2e~
ORR for H,0, Production. To explore the electrocatalytic 2e~
ORR activity of the produced materials, CV measurements
were obtained for the catalyst in 0.1 M KOH and with a
scanning rate of 50 mV/s. In Figure 6a, we can clearly observe
that B-MC-2 and B-MC-F2 show no characteristic electro-
catalytic oxygen reduction peak in the Ar-saturated solution
but do show a peak in the O,-saturated electrolyte. The area
under the B-MC-F2 curve is larger than that under the B-MC-
2 curve, indicating that it has a higher electroactive surface area
and superior ORR activity.

Previous studies have shown that the electrocatalytic activity
of catalysts is mainly related to two parameters, namely, the
specific surface area and pore structure. First, the specific
surface area has some connection with the exposure of active
centers. Second, the pore structure directly affects the mass
transfer during electrocatalysis, and H,0, produced by
electrocatalysis can be released in a short contact time under
the action of a mesoporous catalyst. It is worth noting that the
highly ordered mesoporous structure has a higher selectivity
toward H,0,.%>*” In view of the influence of the boric acid and
template content on the structure of the catalyst, the ORR
activity of the catalyst with different boron-to-carbon molar
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Figure 6. (a) Cyclic voltammetry curves of B-MC-2 and B-MC-F2 under O,- and N,-saturated conditions (scan rate: 50 mV/s). (b) Linear sweep
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Figure 7. (a, b) CO, adsorption curves of B-MC-X and B-MC-FX. (c) Adsorption curves of B-MC-F1 at different CO, flow rates. (d) Study on the

cycling stability of B-MC-F1.

ratios and F127 amounts was studied. Compared with the B-
MC-X series, B-MC-F2 has a higher specific surface area (up to
738 m”/g) and more abundant mesoporous structures; thus, it
has more active centers for the ORR. Furthermore, the large
total pore volume (0.74 cm?/g) and pore size (4.05 nm) of B-
MC-F2 contribute to its fast ORR kinetics. Although B-MC-F1
has a high boron content, its specific surface area and pore
volume are lower than those of B-MC-F2, which decreases the
activity of B-MC-FI.

Figure 6b,c shows the LSV curves of B-MC-F2 from 625 to
2500 rpm and the LSV curves of B-MC-2 and B-MC-F2 at
1600 rpm in 0.1 M KOH. Compared with B-MC-2, B-MC-F2
shows higher activity, with a corrected E of 0.82 V. The
poor catalytic activity of B-MC-2 may be due to the excessive
addition of F127, which will change the pore structure, thereby
affecting the catalytic activity. According to reports, the activity
of the 2e™ ORR is mainly determined by the content of O in
the material.** Therefore, an rotating ring disk electrode
(RRDE) was used to observe the selectivity of the ORR on B-
MC-F2 with the highest O content (up to 12.47 atom %)
(Figure 6d). B-MC-F2 exhibits a significant 2e” migration
process (n < 2.7) and a relatively high H,0, yield (up to 77%)
in a wide voltage range, indicating that boron-doped
mesoporous carbon materials can be used as excellent catalysts
for the generation of H,0,.

2.2.2. CO, Capture Property. Considering that B-MC-X and
B-MC-FX have good mesoporosity and a rich B content, they
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can be used as ideal CO, capture materials. From the
adsorption isotherm (Figure 7a), it can be clearly seen that the
CO, adsorption capacity of B-MC-X follows the order B-MC-2
> B-MC-1 > B-MC-3 > B-MC-4. When the B/C molar ratio is
0.05, the CO, uptake capacity of the material is the best, which
may be due to the influence of the degrees of defects and the
specific surface area of the samples on the CO, adsorption
performance. As the template dose changes, the changes in the
adsorption capacity of the materials are exhibited in Figure 7b.
When the amount of template is 0.5 mmol, the material has
excellent adsorption performance (121.34 mg/g), which is not
only far higher than that of the B-MC-X series samples but also
comparable to that of other B-doped mesoporous carbon
materials.** ™" Such results should be ascribed to the increase
in the specific surface area and the boron content caused by
the change in the template dose, which provides more active
sites for the material.

Further tests were carried out with B-MC-F1, which has the
best CO, adsorption performance, and the influence of the
CO, gas flow rate on the adsorption capacity of the sample was
studied. Figure 7c is a comparative graph of the CO,
adsorption capacity of B-MC-F1 at CO, flow rates of 50 and
100 mL/min. When the CO, flow rate is 50 mL/min, the
adsorption efficiency of this material is clearly higher. Referring
to the calculations, when the CO, flow rate is increased to 100
mL/min, the adsorption capacity of this material decreases to
108.83 mg/g. Therefore, the appropriate adsorption rate will
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have a great impact on the adsorption performance of the
sample.

The repeated reuse of the adsorbent, that is, the stability of
the adsorbent after multiple adsorption and desorption cycles,
is a key criterion for judging the feasibility of the adsorbent in
practical applications. To evaluate the regeneration perform-
ance of the prepared adsorbent, B-MC-F1 was selected for the
CO, adsorption recycling test based on the above results.
Figure 7d shows that after 10 adsorption and desorption cycles,
although the adsorption capacity of CO, on the material
decreases, it is still as high as 50 mg/g. We believe that the
decrease in the adsorption performance of the material after
multiple cycles is due to the disappearance or weakening of the
pores in the material during the desorption process. This also
shows that the adsorption of CO, by the material is mainly a
physical adsorption process. The above results prove that B-
MC-F1 has good adsorption and desorption cycling perform-
ance and reusability; therefore, B-MC-F1 can be used as an
excellent solid adsorbent.

3. CONCLUSIONS

We have proposed a simple and feasible method to successfully
prepare a series of B-doped mesoporous carbon materials with
different boron-to-carbon molar ratios and template doses by
hydrothermal synthesis (B-MC-X and B-MC-FX). All samples
have interconnected pore structures and high boron contents.
The prepared B-MC-F2 material has good electrocatalytic
oxygen reduction to hydrogen peroxide performance in
alkaline solution, which is closely related to its high specific
surface area of 738 m?/g, large total pore volume, and high
oxygen content. In addition, the materials also show significant
CO, capture capacity, and the optimal sample (B-MC-F1) has
a CO, adsorption capacity of 121.34 mg/g at 303 K and
atmospheric pressure; this adsorption capacity is far better than
that of other B-doped mesoporous carbon materials. Based on
the above structural features and their green production,
boron-doped mesoporous carbon materials have broad
application prospects for dealing with various environmental
pollution problems.

4. EXPERIMENTAL SECTION

4.1. Material Synthesis. 4.1.1. Synthesis of B-MC-X. In a
topical procedure, 3.3 g of resorcinol and 0.4 mmol of F127
were dissolved in a mixture of ultrapure water (20 mL) and
absolute ethanol (20 mL). Then, 120 uL of concentrated
hydrochloric acid and a certain amount of boric acid were
added into the solution and stirred for 60 min. Next,
formaldehyde (2210 uL) was dripped into the solution and
stirred vigorously for a period of time. The obtained mixed
solution was then transferred into a reactor and placed in an
oven at 100 °C for 72 h. The solution was cooled to room
temperature, centrifugally washed thrice with water, and dried
at 80 °C. Then, the obtained solid was carbonized at 600 °C
for 3 h and was named B-MC-X (X = 1—4, wherein 1, 2, 3, and
4 represent B-to-C molar ratios of 0.025, 0.05, 0.075, and 1,
respectively).

4.1.2. Synthesis of B-MC-FX. The effect of the amount of
F127 on the material properties was studied. Based on the
synthesis of B-MC-X, the amount of F127 was increased to 0.5
mmol to obtain B-MC-F1. When the amount of F127 was
decreased to 0.2 mmol, B-MC-F2 was produced.
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4.2. Physicochemical Characterization. High-resolution
transmission electron microscopy (HRTEM) was carried out
on a Tecnai G2F20 electron microscope (American FEI
Company). X-ray diffraction (XRD) was conducted with a
Rigaku Ultima IV X-ray diffractometer using a Cu target and a
Ka radiation source (4 = 0.1540 nm). At 77 K, using a pore
physical adsorption instrument (ASAP 2020, Micromeritics),
the N, adsorption and desorption isotherm of the material was
obtained. Before testing, the material was degassed for 5 h at
100 °C and then the Brunauer—Emmett—Teller (BET) surface
area was calculated based on the adsorption data (p/p,
0.05—0.25). Raman spectra were measured by a Renishaw
inVia microscope Raman spectrometer. The laser wavelength
was 532 nm, and the scanning range was 100—4000 cm™'. The
IR spectrometer was produced by Nicolet, and the scanning
range was 4000-400 cm™". The X-ray photoelectron spectros-
copy (XPS) test of the material was carried out on a Kratos
Axis Ultra DLD multifunction electronic spectrometer made in
the UK., with an Al Ka (hv = 1486.6 eV) radiation source.

4.3. Electrochemical Testing. In regard to the ORR
measurements, which were performed on an Autolab
(Metrohm Autolab, Netherlands) electrochemical workstation,
a typical three-electrode system was used with a catalyst-coated
rotating disk electrode (RDE, S mm in diameter) as the
working electrode and Hg/HgO and Pt wire used as the
reference and counter electrodes, respectively. The preparation
steps of the working electrode were as follows. All measured
potentials were converted into reversible hydrogen electrode
(RHE) scales by the following formula

Egpp = Epg/ngo + 0.098 + 0.059 X pH

(1)

The H,0, generation yield and electron transfer number (n)
were measured by the rotating ring-disk electrode (RRDE disk
area: 0.2475 cm™?). In the preparation of the working
electrode, this can be calculated by the following equation

I/N
H,0, (%) = 200 X _ /N
L/N+1I (2)
4T,
n=————
I, + /N (3)

Here, I, and I represent the disk and ring currents,
respectively, and the current collection efficiency (37%) of
the Pt ring is represented by N. Briefly, 5 mg of the catalyst was
added to a mixed solution consisting of 450 uL of ultrapure
water, 500 uL of ethanol, and 50 yL of a 5 wt % Nafion
solution. Then, this mixture was ultrasonically treated for 30
min to form a uniform slurry. Next, 16 uL of the prepared
catalyst slurry was added dropwise on the upper part of the
working electrode and dried at room temperature.

4.4. CO, Adsorption. Simulated flue gas was used to
perform the CO, adsorption test on the material with a
thermogravimetric analyzer (STA 449FS, NETZSCH). Before
the adsorption test, a S mg sample was pretreated at 90 °C for
30 min and then a 50 mL/min CO, gas flow was maintained
for 90 min of adsorption.
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