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Facile synthesis of hierarchically porous
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Porous carbon is exceptionally useful, but it remains a great challenge to develop a facile route to prepare
porous carbon materials with hierarchical structure and enhanced porosity. This work demonstrates a novel
synthetic pathway for hierarchical carbonaceous materials (HCM) using isobutene and formaldehyde as
carbon precursors via silica templates impregnated with phosphorus. Different from the traditional
nanocasting method, the formation of the carbon structure is caused by heavy coke deposits on the
solid catalyst in the course of the olefin/aldehyde vapor reaction. The coke-derived carbonaceous
materials indicated by transmission electron microscopy (TEM) and nitrogen adsorption—desorption
measurement are hierarchically mesoporous structures with a large surface area (971 m? g} and pore
volume (1.91 cm?® g~ 1. We have demonstrated for the first time that the olefin/aldehyde reaction may
provide a convenient route to develop a porous carbon texture. The newly developed method may lead
to porous carbon having scientific and technological importance in adsorption and catalysis applications.

Introduction

Porous carbon materials have received tremendous research
interest in catalysis,"* energy conversion/storage,>* biomedi-
cine,’ sensors,® and separation’ due to their high surface areas,
porosity, and tailored framework compositions.**° In recent
decades, porous carbon materials have been extensively
synthesized by employing the template approach." In partic-
ular, significant efforts have been devoted to the development of
mesoporous carbons by using a nanocasting method.* It was
reported that mesoporous carbon replica CMK-n (Carbon Mes-
ostructured by KAIST) was regenerated from mesoporous silica
by several replication steps, which were the filling of the carbon
source into the mesoporous silica channels, carbonization of
organic precursors at high temperature and a template removal
process.”® In the synthesis, various organic compounds intro-
duced by either wet impregnation or chemical vapour deposi-
tion (CVD) were normally carbonized using porous silicas as
sacrificial scaffolds for the replication of porous carbon mate-
rials with controlled structures.”**® In general, organic
compounds, such as sucrose, furfuryl alcohol, phenol resin, and
acrylonitrile, can be used as carbon sources,® the key to nano-
casting approach lies in the polymerization of organic feeds
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inside the mesoporous silica channels, which is achieved by the
incorporation of an acid into the silica template before con-
verted to mesoporous carbon by pyrolysis."”” Therefore, the
successful synthesis of mesoporous carbon through this
method relys on the impregnated organic source filling the
entire pore and retain the rigid matrix after chemical etching by
hydrofluoric acid (HF) or a sodium hydroxide solution.*®
Although porous carbon could be synthesized according to
these strategies, the synthesis process is still multistep proce-
dure, time-consuming and difficult to adapt to large-scale
applications, particularly in harsh carbonization conditions.”
Therefore, exploring a facile method for the synthesis of porous
carbonaceous material is highly desired.*

Nowadays, Prins reaction is an important carbon-carbon
bond forming reaction, and has received much attention in the
manufacture of diolefins, which are the organic monomer
sources of synthetic rubber, such as butadiene and isoprene.*"*?
Very recently, it was uncovered that the reaction of isobutene
and formaldehyde on acid sites leads to the formation of high
amounts of carbonaceous deposits on the catalysts.”
Sushkevich V. L. et al.** reported a heterogeneous catalyst with
3D ordered carbonaceous framework through the Prins
condensation over the solid acid catalysts, the important key of
such method is heavily coke deposited on the catalyst in the
course of the vapor reaction. Herein, inspired by huge carbo-
naceous deposition on the acid catalyst, we used phosphorus
modified mesoporous silica as template and the impregnated
acid could lead to the selective formation of carbon frameworks
inside the template mesopores, preventing external carbon

This journal is © The Royal Society of Chemistry 2018
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deposition. The approach is very simple and effective. The ob-
tained mesoporous carbonaceous materials possess high
surface area and accessible mesopores. Although substantial
research efforts have been made in the preparation of porous
carbon materials, to the best of our knowledge, there is no
report about the synthesis of HCM with the aids of Prins reac-
tion. In this study, we develop a novel synthetic route for the
preparation of HCM depended on carbon deposition reaction of
olefin and aldehyde via a hard templating technique. So far, the
successful synthesis of mesoporous carbonaceous material by
Prins condensation reaction has not been reported. Fig. 1
illustrates the synthesis process towards HCM. P-SBA-15 was
used as template and isobutene/formaldehyde as organic
carbon source. After Prins reaction in a fixed bed, the compos-
ites of silica with cokes were produced, the HCM was finally
obtained by recovering carbon materials by HF. This study
offers a novel pathway to prepare carbonaceous materials,
which is a promising strategy in the field of production of
porous carbon. Moreover, we have studied the synthesis and
textural properties of carbonaceous materials obtained from
coke reaction through thus more accessible carbonization
conditions.

Experimental
Chemicals

SBA-15 was purchased from Chang Chun Jilin University High-
Tech. Co., Ltd., China. P-SBA-15 (10-40 wt%) was prepared by
wetness impregnation with aqueous solution of H;PO, acid by
evaporation and dried at 80 °C for 12 h.*® The powder was
calcined in a muffle furnace at 400 °C temperature for 1 h.
Phosphoric acid (85%) were obtained from Beijing Chemical
Reagent Co. Isobutene and formaldehyde (37 wt%) were
provided by Dalian Airchem Specialty Gases & Chemicals Co.,
Ltd. All chemicals were used without any further purification.

Synthesis of coke-derived porous carbonaceous materials

Porous carbonaceous materials were synthesized by using iso-
bulene and formaldehyde as carbon sources, mesoporous silica
as a template. Typically, 0.5 g P-SBA-15 was placed in a fixed bed
flow reactor and the reactor temperature was then raised to
300 °C under dry N, flow (5 ml min~"). A mixture of isobutene
and formaldehyde was injected to the reactor under atmo-
spheric pressure. The molar ratio of C,Hg/CH,O was 1, and the
weight hourly space velocity of formaldehyde was 0.3 g g " h™".

C4Hg, CH,Q
300 °C, 1H

P-SBA-15

Silica/Carbon
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Fig. 2 XRD patterns of the as-synthesized silica and carbon samples
(a) SBA-15, (b) P-SBA-15, (c) P-SBA-15-C, (d) HCM-20.

After 1 h of reaction, the feedstock was turned off and the
reaction bed was heated up at 350 °C under a dry N, flow when
carbon deposition was completed to remove physically adsor-
bed species. The resulting product was slurried in 10 wt% HF
water solution to release carbon from templates. The prepared
porous carbonaceous materials were denoted as HCM-n, where
n represents phosphorous content in template.

Characterization

Powder XRD data were acquired with a RigakuD/MAX 2550
diffractometer with Cu Ko radiation (I = 1.5413). Scanning
electron microscopy (SEM) were performed with a XL30 ESEM
FEG scanning electron microscope operated at 25 kV. Trans-
mission electron microscopy (TEM) measurements were con-
ducted on a Hitachi H-600 operated at 100 kV. The IR spectra
were collected on a Bruker VERTEX 70 FTIR spectrometer.
Nitrogen adsorption isotherm was measured at liquid N,
temperature on Autosorb iQ (Quantachrome) with micropore
analysis. The Brunauer-Emmett-Teller (BET) method was
utilized to calculate the specific surface areas. The total pore
volume was determined at a relative pressure of P/P, = 0.995.
The pore size distribution of micropore and mesopore was
determined by using Horvath-Kawazoe (HK) and Barrett-Joy-
ner-Halenda (BJH) method. XPS measurements were per-
formed with an ESCALABMK 1II X-ray photoelectron
spectrometer by using Mg as the exciting source. Thermogra-
vimetric (TG) analysis was carried out on a Pyris Diamond TG/

Silica remoyal
HF

HCM

composite

Fig. 1 Schematic illustrations of the formation of hierarchically porous carbonaceous materials derived from olefin/aldehyde precursors.
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Fig. 3 N, adsorption isotherms (A) and corresponding pore size
distribution (B) of silica and hierarchical porous carbonaceous samples
(a) SBA-15, (b) P-SBA-15, (c) P-SBA-15-C, (d) HCM-20. Inset: HK pore
size distribution.

DTA at a heating rate of 10 °C min from room temperature to
800 °C in air.

Results and discussion

The quality and structural change of the silica template and
carbonaceous materials were examined by powder XRD
measurements. Fig. 2 shows the XRD diffraction patterns of as-
made samples in the low-angle region, SBA-15 shows three well-
resolved peaks which can be indexed as (100), (110), (200)
reflection of the 2D-hexagonal structure.”® However, the peak
intensity of the (100) reflection of SBA-15 decreased when
phosphorus was incorporated in the silica network, indicating

Table 1 Textural properties of the as-made silica and carbonaceous
samples

Sample Sppr’/m> g’1 Veota/om® g’1 Pore size’/nm
SBA-15 532.1 1.0 8.9

P-SBA-15 243.9 0.62 8.7
P-SBA-15-C 173.6 0.24 6.5

HCM-20 971.0 1.91 15.2-24.2

“ Determined by multi-point BET. ? Determined by BJH method.
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Fig.4 TG-DTA curves of silica and hierarchical porous carbonaceous
samples (a) SBA-15, (b) P-SBA-15-C, (c) HCM-20. Measured in flow of
air.

a partial loss of the long-range ordering of the porous structure
upon the acid modification. By the way, growing deformation of
the ordered mesoporous structure was formed with the increase
of incorporated P,Os content, as it has been reported in the
literature.®

Additionally, various P-containing samples have been also
characterized by N, adsorption. The corresponding N, adsorp-
tion isotherms and pore size distribution are displayed in
Fig. S1, ESL. The results derived from N, adsorption revealed
a decrease in the textural properties with increase of

Fig. 5 TEM images of silica and hierarchical porous carbonaceous
samples (a) and (b) SBA-15, (c) and (d) P-SBA-15-C, (e) and (f) HCM-20.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The FT-IR spectra of as-synthesized silica and hierarchical
porous carbonaceous samples (a) SBA-15, (b) P-SBA-15, (c) P-SBA-15-
C, (d) HCM-20.

phosphorus incorporated in SBA-15 (summarized in Table S1,
ESIT). Moreover, the P-containing porous template was coked in
the mixture of isobutene and formaldehyde at 300 °C for 1 h,
leading to the carbon coated silica composites P-SBA15-C,
which exhibits an weak diffraction peak assignable to the
(100) plane because of pore filling. Alternatively, this phenom-
enon indicates the regular mesoporous skeleton of silica is
seriously broken down in the carbonization process. It is
probably that formaldehyde (37 wt% in H,0) was used as
carbon precursor and mesostructured silica had relatively low
hydrothermal stability attributed to the amorphous nature of
the pore walls.”” Unfortunately, after removal silica template,
the HCM-20 displays slight distinguishable diffraction. It is
suggested that it don't yield faithful carbon replicas of the
mesoporous silica by using carbon sources isobutene and
formaldehyde, though in mild carbonization conditions. As
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seen, degree of structural ordering of HCM are lower compared
with the CMK-n replica. It should be therefore concluded that
hydrated carbon precursor filled mesochannels of SBA-15
exhibits a low degree of structural ordering during the high
temperature carbonization.?®

Fig. 3 shows the N, adsorption-desorption isotherms at
—196 °C and Barrett-Joyner-Halenda (BJH) pore-size distribu-
tions of as-made mesoporous silica and porous carbonaceous
materials. The isotherms of SBA-15 and P-SBA-15 are identified
as type IV isotherms with obvious H,-type hysteresis loops
(Fig. 3a), as reported by other literatures.”®* In addition, the
phosphorus modified mesoporous SBA-15 exhibits lower N, up
take than SBA-15, this phenomenon can be attributed to
damage to the ordered mesoporous framework in some extent
when phosphorus was inserted the silica matrix, as verified by
XRD patterns.*® The calculated textural parameters of synthe-
sized samples are summarized in Table 1. A decrease in specific
surface area and pore volume was observed after P-modification
and carbonization process. The sample P-SBA-15-C with carbon
deposition displays typical type-I isotherms with low N, uptake
at high relative pressure, indicating the mesopores was
occluded of the mesopore channels by coke or ordered meso-
porous structure collapsed seriously in the process of the
carbonization. However, it is interesting to note that the HCM-
20 sample reaches the highest specific surface area after
removal of silica. The obtained HCM also displays typical type
IV isotherms and narrow hysteresis at P/P, = 0.45-0.9 as well as
a higher nitrogen adsorption capacity in a low relative pressure
region which implies the formation of the hierarchically porous
structure (micropores and mesopores).

Compared with pristine SBA-15, HCM shows a wide distri-
bution of mesopores from 15 to 24 nm resulted from disordered
mesophase (Fig. 3b), as confirmed by TEM images (Fig. 5).

Fig.7 TEM images of HCM-n (n = 10, 15, 20, 40) obtained from silica template with various amount of phosphorus (a) and (b) 10%, (c) and (d)

15%, (e) and (f) 20%, (g) and (h) 40%.

This journal is © The Royal Society of Chemistry 2018
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These values are higher than the ones measured for carbons
prepared from conventional precursors, such as furfuryl alcohol
(around 3 nm).** The results calculated by non-local density
functional theory (NL-DFT) in Fig. S2, ESIf confirm that the
pore sizes of HCM-20 distribute present more compelling
evidence for the formation of hierarchical pores from 1.2 nm to
20 nm. Moreover, its Brunauer-Emmett-Teller (BET) surface
area reached to 971 m> ¢~ ' and the total pore volume was up to
1.91 ecm® g~ (Table 1). The higher specific surface area and
larger pore volume were potential in application of absorption,
energy storage and catalysis.*® The results of TG analysis of
silica and coke derived samples are shown in Fig. 4. Compared
with that of the primary silica template, both of the coked
samples show a major weight loss within the temperature range
of 350-600 °C, which should correspond to the decomposition
of coke.>**' Coking of P-SBA-15 in the mixture of isobutene and
formaldehyde leads about 33 wt% coke content. Removal of
silica by treatment of the P-SBA-15-C catalyst in aqueous HF
solution confirms few amount of silica residue. HCM-20 showed
the complete loss of weight in air at 573 °C during the ther-
mogravimetric analysis, due to the combustion of carbon.
Further study suggest that the coke amounts are relative to
several conditions, such as type of support and the ratio of
olefin/aldehyde.*

Fig. 5 gives the TEM images of as-synthesized mesoporous
silica and carbon derivatives. The structures of SBA-15 were
arranged with long-range hexagonal order over the entire region
of the sample.*> However, the composites with coke displayed
a wormlike channel or nano particles morphology. This result
indicates that the P-SBA-15 might be destroried by the coked
reaction. In particular, P-modified SBA-15 was confirmed inef-
ficient structural stability, results of carbon replica didn't show
a highly ordered structure carbonaceous material.*® Interest-
ingly, HCM-20 demonstrates abundant mesopores in the range
of 10-30 nm without external carbon deposition after the
removal of the silicate framework by HF etching, the structure
of this material consists of rather randomly distributed inter-
connected mesopores obtained by imprinting porous silica
templates. Fig. 6 shows FT-IR spectra of SBA-15, P-SBA-15 and
their derived carbonaceous materials, the parent SBA-15 and P-
modified SBA-15 material exhibited absorption bands at 460,
806 and 1084 cm ™. The most intense band at 1084 cm™" could
be attributed to the asymmetric Si-O-Si stretch and the band at
806, 460 cm ! can be ascribed to symmetric Si-O-Si stretch and
the bending modes of P-O-P, Si-O-P and O-P-O units in P-SBA-
15 sample, PO,>~ tetrahedral unit were hard to identify because
of the overlapping of the absorption bands of the silica
matrix.”**>** For derived carbonaceous samples, several addi-
tional peaks are observed and the characteristic adsorption
peaks for the stretching of saturated C-H (2921 cm
2852 cm ™', 1447 em ™Y, 1376 cm™1).**

To gain further insight into the formation of coke deposits
on solid catalysts, we have prepared a number of carbonaceous
materials by varying template phosphorous content. The high-
est amounts of coke are formed in the sample of P-SBA-15 with
15-20 wt% H3;PO, (as shown in Fig. S3, ESI{), because these
solid catalysts show the highest activity condensation of

11466 | RSC Adv., 2018, 8, 11462-11468
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Fig. 8 N, adsorption isotherms (A) and corresponding pore size
distribution (B) of porous carbonaceous samples (a) HCM-10, (b)
HCM-15, (c) HCM-20, (d) HCM-40.

formaldehyde and isobutene as well as highest amount of coke
being accumulated, as ascribed by literature.?

TEM images of carbonaceous materials obtained from P-
SBA-15 with various amount of phosphorus are shown in
Fig. 7. The micrographs clearly confirm that the ordered
structural arrangement characteristic for SBA-15 is hardly
preserved in obtained carbonaceous samples. One possible
reason is that solid catalysts with various phosphorous contents
have different reactivities of Prins reaction and resulting coke
contents. The other may due to the destruction of the regular
structural of pristine SBA-15 when in the incorporation of
phosphorus or coke reaction process. It is worth nothing that
the sample HCM-15, HCM-20 and HCM-40 exhibit mesoporous
structure with diameter around 5-30 nm. However, HCM-10
exhibits non-porous structure, confirming the absence of large
amount of cokes formed inside the silica pores. Nitrogen

This journal is © The Royal Society of Chemistry 2018
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Fig.9 XPS spectra of as-made porous carbonaceous sample HCM-20
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adsorption study of HCM-n was carried out to determine
textural properties of porous materials, such as surface areas
and pore structure (Fig. 8), HCM-n demonstrated hysteresis
loops except HCM-10, which are the characteristics of meso-
porous materials, and the pore diameter are 3.8 nm, 8.3 nm and
15.2 nm, respectively. Above all, porous carbonaceous materials
with tunable pore structure can be made by simply controlling
the P content of templates.

In order to investigate the elementary composition of as-
prepared porous carbonaceous samples, X-ray photoelectron
spectroscopy (XPS) was conducted to characterize the chemical
composition of porous carbons (Fig. 9). Two peaks at the
binding energies of approximately 285 and 533 eV assigned
respectively to C1s, O1s can be obvious observed, proving that
the HCM was composed of carbon and oxygen elements with no
evidence of any other elements. In addition, the broad signal of
high-resolution C1s could be fitted and deconvoluted into three
peaks (284.6, 286.2 and 287.1 eV), which could be assigned to
pure graphitic or amorphous C-C, C-O, and C=0 bonds in the
HCM network.*

Conclusion

In summary, we have demonstrated a novel synthesis strategy
for preparing hierarchical carbonaceous material by Prins
reaction through a hard template. Compared with conventional
hard-template method, this new route mainly takes advantage
of the formation of the high amount of coke during conden-
sation of olefin/aldehyde in a gas phase at relatively low
temperature. This study provides new insights into the design
of porous carbonaceous materials with higher mesoporosity by
using traditionally useless cokes. Additionally, the easy
manipulation of the carbonization process makes this method
highly favorable. The same approach can be applied to the
production of microporous carbon with various template
frameworks, such as USY, Beta, which will be pursued in our
future research.
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