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Boric acid was used as a source of complexing agent to change phase separation kinetics and dynamics of
the resin-glycol system to regulate the pore structure of porous carbon. The results show that the addition
of HzBOs in the resin mixtures can change the polymerization dynamics during curing of resin-glycol
mixtures. For the complexation of HzBO3z to diols, the size of the ethylene glycol-rich phase produced

during the curing of the resin mixture increase with the increase of the content of HzBOs. Similarly, the
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pore size of porous carbon after pyrolysis increases with the increase of HzBOs content. The average

pore size of resulting porous carbon can be regulated in the range from 15 to 2754 nm. These results

DOI: 10.1039/c8ra09843c

rsc.li/rsc-advances pyrolysis.

1. Introduction

As a carbon functional material with excellent pore structure, the
porous carbon has excellent properties such as high porosity,
good conductivity, controlled pore size and high specific surface
area.'” So, it was widely employed in various fields, such as gas
separation, water and air purification, adsorption materials,
catalyst support, chromatography, supercapacitors and prepara-
tion of structural carbide ceramics.*® The application of porous
carbon materials has a close relationship with its pore structure.
For porous carbon in the field of supercapacitors, gas chroma-
tography, etc., the pore size is required to be at the mesoporous
size (2-50 nm). The novel macromolecular catalysts, conversion
and separation materials, or porous carbons as preforms in the
preparation of carbide ceramics, the pore size needs to be at the
macrospore size (>50 nm). How to effectively control the pore
structure of porous carbon is of great significance, especially in
the field of preparation of carbide ceramics. Hucke' obtained
a porous full carbon billet by high temperature cracking of high
molecular polymer and obtained dense silicon carbide ceramic
after siliconizing. Studies have shown that the pore structure of
porous carbon has a great influence on the process of silicon
infiltration, so it is necessary to precisely control the pore struc-
ture of porous carbon.
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reveal that HzBOz exhibited obvious effects in changing the pore structure of resin-glycol system during

At present, many methods have been used to prepare porous
carbon materials such as hard/soft template method,""* acti-
vation method,’ and polymerization-induced phase separation
(PIPS)."**® In comparison, PIPS has a lot of advantages such as
low manufacturing cost, simple technology process, and easy to
industrialize. The process of PIPS is described as follows: the
initial homogeneous solution of a non-reactive component
(NRC) in reactive monomers (RM) will occur phase separation
during polymerization of RM. After phase separation process,
there are only polymerized RM-rich phase and an NRC-rich
phase. The porous materials can be obtained by the removed
of the NRC-rich phase and pyrolyzed of polymerized RM-rich
phase to form frameworks. Thus the pore structure of result-
ing porous carbon can be controlled by changing phase sepa-
ration reaction kinetics and dynamics. In order to control the
pore structure and pore size of porous carbons, adequate
research of the polymerization process is very necessary. At
present, many researchers have reported the preparation of
porous carbon with controlled pore structure based on the PIPS
method.”®"® Wang'® have systematically studied the effect of the
process parameters on the pore structure of porous carbon
which fabricated by finished sterol resin. Xu'’ systematically
investigated the effect of the ingredients of resin mixtures and
the resin curing temperature on the pore structure of carbon
monoliths which fabricated by phenol-formaldehyde resin (PF).
The pore structure control of porous carbon is mainly related to
the curing polymerization process of the organic resin."” Zhang
Y."” and Yuan Z."*** have studied the effect of the resin system
composition and curing agent on the pore structure of porous
carbon. However, few studies addressed the possible relation-
ship between the polymerization of the organic resin and pore
structure of the carbonized product.
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http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra09843c&domain=pdf&date_stamp=2019-01-31
http://orcid.org/0000-0002-3545-4972
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09843c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009008

Open Access Article. Published on 31 January 2019. Downloaded on 6/25/2026 3:04:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Boric acid has rapidly developed into a thriving research
area.” The complexation of boric acid with diols and their
congeners has shown great promise to develop novel aryl boron-
containing polymers with unusual properties, with borate
linkages acting as inter-component bonds of supramolecular
structures.'® Wang* introduced aryl-boron structure into PF to
improve their heat resistance. In this paper, H;BO; was used as
a source of complexing agent to change phase separation
reaction kinetics and dynamics of the resin-glycol system to
achieve the pore structure control of porous carbon. Compared
to the previous report,'*'*'”** our method is more effective. The
addition of boric acid can achieve that the pore size of the
resulting porous carbon material can be regulated in the range
of nm to um. The effect of H;BO; content on the pore structure
of the porous carbons has been systematically investigated.

2. Experimental procedures
2.1 Materials

The chemicals used for the synthesis of porous carbon mate-
rials were PF, ethyl alcohol (EG), H3BO;. PF (industrial level)
were used as the carbon precursor. EG (AR, average molecular
weight: 46.07) was employed as both the pore-forming agent
and the solvent, and H;BO; was used as the complexing agent.

2.2 Preparation of precursor solutions and porous carbons

The porous carbonaceous materials were synthesized by PIPS.
The preparation process of porous carbons was shown in the
following: PF, EG and H3;BO; were mixed by stirring mechan-
ically at room temperature. Then the mixtures were poured into
molds and successively held at 90 °C for 6 h for pre-curing. The
rigid body was then post-cured to 200 °C from 90 °C and held for
8 h. Finally, the cured samples were carbonized under nitrogen
atmosphere at 900 °C for 0.5 h. Six samples were prepared, with
mass content of H;BO; varying from 0 to 5 wt%, shown in Table 1.
And the resulting porous carbon were identified as B-0-B-5,
accordingly. Each H3;BO; loading be performed in triplicate
with the deviation on values represented in the data.

2.3 Characterizations

The apparent porosity, bulk density, average pore size and pore
size distributions were measured by a mercury porosimetry
(AutoPorelV 9510, USA). The microstructure of the post-cured
bodies and carbonized products were analyzed using a field-
emission scanning electron microscopy (FE-SEM; SU-8220,

Table 1 Effect of HzBO3 on the properties of porous carbons
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Hitachi, Japan) equipped with a dispersive energy spectrum
(EDS). The weight loss and pyrolysis behaviors of the resin
mixtures during polymerization were examined using a ther-
mogravimetric analyzer (TGA/SDTAB85IE, Switzerland) under an
inert atmosphere. Phase analysis of the carbonized products
was conducted by X-ray diffraction (XRD; D/Max-2250V, Rigaku,
Tokyo, Japan). Weight and volume changes of the samples after
curing and pyrolysis were obtained by the change in weight and
volume between pre-curing bodies and carbonized products.
Fourier transform infrared spectrum (FT-IR) of the cured bodies
were recorded in a range of 2000-400 cm ™' with a NICOLET Is10
(USA) FTIR by potassium bromide.

3. Results and discussion

3.1 Interactions between resin mixtures and H;BO;

3.1.1. Thermogravimetric analysis. The TG curves of the
resin mixtures with and without H;BO; during carbonization
are shown in Fig. 1. It is found that the weight loss rate of the
resin mixture without H;BO; during carbonization has three
distinct peaks. The first and second peak at about 99 °C and
175 °C is due to the evaporation of H,O and continuous EG,
respectively. The third peak at about 300-600 °C is mainly due
to the evaporation of dispersed EG and pyrolysis of cured resins.
When H;BO; is added, there is a significant change in the first
peak and the second peak. The first peak, appearing at about
60 °C, can be assigned to the reaction between hydroxymethyl
phenol and H;3;BO; to form some intermediates and water. As
the H;BOj; content increases, the second peak shifts to a lower
temperature point of 160 °C (B-2), 155 °C (B-3), and 147 °C (B-4),
respectively. It is mainly due to the increase in the size of the
continuous ethylene glycol phase, making EG easier to evapo-
rate. It can be known from the TG curve that as the H;BO;
content increases, the remaining weight of the resin mixture at
900 °C gradually increases. These results reveal that the resin
mixtures get higher thermal stability when H;BO; is added.****

According to Xu," continuous and dispersed EG-rich phases
were both formed during phase separation, and the continuous
EG-rich phase was nearly removed during curing, while the
dispersed one was removed during pyrolysis. The weight and
volume change of samples with different content of H;BO; after
pyrolysis are shown in Fig. 2.

It is clear that the remaining volume after carbonized with
increasing the content of H;BO;, both show a trend of
increasing first and then decreasing. It shows that the addition
of H3BO; leads to less volume shrinkage after pyrolysis when

H;3;BO;3 Apparent Average pore Bulk
Sample content (%) porosity (%) size (nm) density (g cm ) Viota/em® g~
B-0 0 25.6 + 1.1 15+ 5 1.18 £ 0.08 0.21 £+ 0.07
B-1 0.5 30.3 £ 3.6 25 £ 18 1.08 + 0.05 0.28 + 0.09
B-2 1.5 54.2 £ 1.9 642 + 15 0.74 £+ 0.01 0.77 £+ 0.02
B-3 2.5 45.7 £ 2.7 1552 + 38 0.79 + 0.03 0.57 + 0.03
B-4 3.5 42.5 + 1.3 2363 £ 54 0.79 £+ 0.05 0.53 £+ 0.05
B-5 5 33.8+ 1.5 2754 £ 66 0.86 + 0.03 0.39 + 0.02
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Fig. 1 Influence of HzBO3z on weight loss curves and weight loss rate
curves.
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Fig. 2 The effect of HsBOs on the weight and volume change of
samples after curing and pyrolysis respectively.

the H;BO; addition is less than 3.5 wt%. The remaining weight
after curing and remaining volume after carbonized begin to
decrease when the H3;BO; addition is more than 3.5 wt%. That
is mainly because of the higher H;BO; content, the higher
viscosity of the resin mixture (shown in Fig. 3). During the
mechanical stirring of the mixed resin mixture, the bubbles can
be easy to be generated inside the high-viscosity resin solution
and difficult to remove. The bubbles could remain during the
curing process and be more likely to generate large bubbles
during carbonization.

3.1.2. FT-IR spectra analysis. The FT-IR spectra of the resin
mixtures with and without H;BO; after curing are shown in
Fig. 4. The absorption peaks at 1205 cm ™' and the multiple
bands in the 880-756 cm ™" range were identified as resulting
from C-O bonds of phenol structures and C-H flexural vibra-
tions of the aromatic ring, respectively. The absorption peaks at
1270 cm ™' corresponded to the stretch vibrations of diphenyl
ether linkages. Comparison of the spectra of samples with and

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The viscosity of the resin mixture with different HzBOs.
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Fig. 4 FI-IR spectra of the cured bodies with different HzBOs.

without H;BO; in Fig. 4 shows that there are two remarkable
differences. An absorption peak appeared at about 1366 cm™*
after the addition of H3BOj, of which the absorption peak at
1366 cm ™' (ref. 23 and 24) attributed to the asymmetric B-O
stretching vibrations. From the FTIR spectrum of the resin
mixtures sample with H;BO; (Fig. 4), the intensity of the C-O
stretching of phenolic O-H at 1205 ¢m ™' decreases. The
absorption peak near 1270 cm ~* does not change significantly
before and after the addition of H3;BO; in Fig. 4, indicating
H;BO; can not reacted with phenylmethyl during curing of the
resin mixtures.

On combining the above results, H;BO; have participated in
the curing reaction of the resin mixtures, and the phenyl-
boronates are formed. The main process in which boric acid
participates in the reaction is the reaction of phenolic hydroxyl
groups with B-OH to form B-O-C bonds. The possible reaction
process is shown in Fig. 5. This reaction process is beneficial to
increase the degree of polymerization of the resin mixtures after

RSC Adv., 2019, 9, 4203-4209 | 4205
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curing and the length of the molecular chain of the resin
monomer. Correspondingly, the size of the continuous EG
phase produced during the polymerization phase separation
becomes larger. That is expected to change the pore structure of
resulting porous carbon.

3.2 Characterization of the porous carbons

The influence of H;BO; in resin mixtures on the pore structure
of resulting porous carbon is examined using the samples with
the weight fraction of H;BO; range from 0.5% to 5%. Fig. 6
shows the SEM images of the microstructure of resulting porous
carbon. It is evident that with the weight fraction of H;BO;
ranging from 0.5% to 5%, the porous carbon network with
interconnected pores can be obtained after carbonization. The
formation of the porous structure is due to the removal of the
ethylene glycol-rich phase in the resin mixtures during
carbonization. Fig. 6 also shows the pore structure of the
resulting porous carbon has significant differences. It can be
seen from the image (Fig. 6) that the carbonized products ob-
tained from resin mixtures with more H;BO; content had
a bigger pore size and thicker carbon skeleton. It can also be
proved by mercury porosimetry, as shown in Fig. 9 and Table 1.

QOWCLOHWOB

Fig. 5 The possible reaction processes.
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The phase composition of resulting porous carbon was
confirmed by XRD and EDS, as shown in Fig. 7. The results of
the chemical composition analysis in the carbonized products
(B-3) by EDS show that it is mainly carbon and a small amount
of oxygen. The XRD results indicate that the main crystalline
phase of the carbonized product is amorphous carbon. The
reason why B,0; is not observed is mainly due to the low
melting point of B,O3 (450 °C). The low melting point of B,O3
led to an unavoidable the volatilization of B,O; at high
temperatures.” The relatively low melting point of the involved
oxides and the presence of open pore space favor a continuous
evolution of liquid or gaseous oxides out of the material.*

The microstructure of the cured bodies of resin mixtures
before pyrolysis is shown in Fig. 8. It is obvious that there is no
significant morphology difference in the samples before/after
pyrolysis. The main reason is that the morphological of
carbonized products basically was inherited from that of cured
bodies.””** The formation of pores is derived from the volatili-
zation of the ethylene glycol-rich phase. Fig. 8 also shows that
pores obtained from resin mixtures with higher content of
H;3;BO; have a bigger pore size and thicker carbon skeleton.
These results reveal that, due to the complexation of boronic
acids to diols, the size of the ethylene glycol-rich phase increase

Fig. 6 Effect of HzBOz on the morphologies of porous carbons. (a) B-0; (b) B-1; (c) B-2; (d) B-3; (e) B-4; (f) B-5.
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Fig. 7 The phase composition of resulting porous carbon of B-3.

Fig. 8 The microstructure of the cured bodies of resin mixtures before

with the increasing content of H;BO3, which are consistent with
the results of the thermogravimetric analysis.

Table 1 lists the properties of resulting porous carbon ob-
tained from resin mixtures with different content of H;BO;. The
average pore size of B-0 sample is 15 £+ 5 nm. The reason of the
pore formation can be explained as follows: the PF is completely
miscible with ethylene glycol before curing. As the poly-
condensation reaction proceeds, the polymerized monomer
gradually crosslinks into a bulk polymer, and the compatibility
with ethylene glycol gradually decreases, which promotes phase
separation. After curing and carbonization, the polymerized
resin phase forms a carbon skeleton, and the ethylene glycol-
rich phase volatilizes at a certain temperature to form pores
in the carbon skeleton, as is shown in Fig. 9(a). The average pore
size of resulting porous carbon increased from 15 + 5 to 2754 +
66 nm with the increase of H;BO; content, which are consistent
with the results of the SEM images. It can be obtained by FT-IR
analysis of Fig. 4 that the addition of boric acid is advantageous
for increasing the length of the monomer molecular chain of
the resin mixture after curing. The increase in monomeric
molecular chains provides the driving force generated by phase
separation, facilitating the occurrence of phase separation, as is
shown in Fig. 9(b). This facilitates the formation of a larger
aperture. The pore size drastically changes between B-1 and B-2.

This journal is © The Royal Society of Chemistry 2019

pyrolysis. (a) B-0; (b) B-2; (c) B-3.

It indicates that the increase of the molecular chain contributes
significantly to the phase separation. With increasing content of
H;BO; from 0% to 1.5%, the apparent porosity of the resulting
porous carbon increase from 25.6 + 1.1% to 54.2 + 1.9%, while
their bulk density decrease from 1.18 £+ 0.08 to 0.74 £ 0.01%.
However, when the H;BO; addition is more than 1.5 wt%, the
apparent porosity after carbonized begins to decrease and the
bulk density increase.

The pore size distribution results of porous carbon obtained
from mercury porosimetry and N, adsorption analysis are
shown in Fig. 10. For samples without H;BOj3 (B-0), the pore size
distribution of resulting porous carbon was very narrow, with
most of the pores distributing in the range from 10 to 30 nm. It
is also found that the pore size distributions of porous carbons
become broader with the addition of H3;BOjz;, shown in
Fig. 10(a). When the content of H;BO; was 5 wt%, the pore size
distribution of resulting porous carbon is in the range from
1500 to 3500 nm, and some abnormal oversized pores appear in
the sample. That is mainly because the high viscosity of the
resin mixture (shown in Fig. 3) can be more likely to generate
large bubbles during curing. As can be seen from Fig. 10(b), the
resulting porous carbon sample has a micropore structure of
about 4 nm. The generation of micropore is attributed to the
decomposition and devolution of boron species.

RSC Aadv., 2019, 9, 4203-4209 | 4207
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4. Conclusions

In conclusion, porous carbons with uniformly distributed pore
structure are obtained by introducing H3BO; to PR. The results
show that the addition of H;BO; in the resin mixtures can
change the polymerization dynamics during curing of resin-
glycol mixtures. Because of the complexation of boronic acids
to diols, the size of the ethylene glycol-rich phase produced
during the curing of the resin mixture increase with the increase
of the content of H3;BO;. Similarly, the pore size of porous
carbon after cracking increases with the increase of H3;BO;
content. The average pore size of resulting porous carbon
increased from 15 &+ 5 to 2754 + 66 nm with the increase of
H;BO; content.
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