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ABSTRACT

A new carbon precursor, soybean oil, was applied to the synthesis of ordered

mesoporous carbon (SOMC) using an inverse replication method in conjunction

with ordered mesoporous SiO2 molecular sieves (SBA-15) as a hard template.

The effects of different carbonization temperatures (600, 700, and 800 �C) on the

microstructure, degree of order of the pore structure, specific surface area, and

pore size of the SOMC were investigated. Scanning electron microscopy showed

that the SOMC was composed of rods approximately 1 lm in length and 0.5 lm
in diameter. Transmission electron microscopy indicated that carbonization

temperatures in the range of 600–800 �C produced, the SOMC samples having a

suitably ordered mesoporous structure. N2 adsorption–desorption analysis

confirmed that the Brunauer–Emmett–Teller specific surface area of the SOMC

was 882 m2/g with a pore diameter of 3.5 nm after processing at 600 �C.

Introduction

Ordered mesoporous carbon (OMC) consists of both

ordered and regular mesoporous channels and also

exhibits chemical inertness, electrical conductivity,

and high mechanical strength [1]. Consequently, this

material is widely used in catalysis, adsorption, sep-

aration, and other applications [2]. The synthesis of

OMC generally uses carbon precursors arranged

regularly as a result of the action of a template, after

which these are carbonized to form OMC [3]. The

templating agents can be divided into hard and soft

templates [4, 5]. The hard template methods employ

solid materials, such as ordered mesoporous silica,

having a fixed and ordered structure. As shown in

Scheme 1, the carbon precursor fills the hard tem-

plate channels based on capillary action and is sub-

sequently carbonized. After the removal of the hard

template, the OMC reproduced the structure of the

hard template, but in reverse [4, 6].

Wang et al. [7] synthesized OMC specimens having

Brunauer–Emmett–Teller (BET) specific surface areas

in the range of 640–1100 m2/g and pore sizes of

3.4–7.7 nm using SBA-15 (an ordered mesoporous

silica molecular sieve) as a hard template, sucrose as

a carbon source, and boric acid as a pore-expanding
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agent. Wang et al. [8] also employed SBA-15 as a hard

template together with functionalized ionic liquid as

the carbon and nitrogen source to prepare nitrogen-

doped OMC. The specific surface area and pore size

of the resulting material were 446.3 m2/g and 3.7 nm,

respectively. Fang et al. [9] synthesized OMC with a

BET specific surface area of 889 m2/g and a 3.9 nm

pore size using finger citron essential oil as the car-

bon source and SBA-15 as the hard template. Lee

et al. [10] employed AlCl3 to treat hexagonal meso-

porous silica (HMS) aluminosilicate to obtain the

hard template Al-HMS. Formaldehyde and phenol

were loaded into the pores of this template and

polymerized into a phenolic resin. After the Al-HMS

was carbonized and removed, the mesoporous car-

bon SUN-2 was obtained, with a specific surface area

of 1056 m2/g and pore sizes of 0.6 and 2 nm.

Soft-templating methods typically involve the self-

assembly of a carbon precursor under the guidance of

a surfactant to form an OMC [5]. In 2004, Dai et al. [5]

first applied the soft template technique to the

preparation of ordered mesoporous carbon films. A

mixture of 4-vinyl pyridine and resorcinol was used

as the carbon precursor to form ordered and well-

oriented nanostructures through strong hydrogen

bonding between the pyridine groups and resorcinol

[11]. Tanaka et al. [1] synthesized the ordered meso-

porous carbon film material COU-1 with a BET sur-

face area of 1274 m2/g and pore diameter of 6.2 nm

through self-assembly using pyrocatechol, formalde-

hyde, and triethyl acetate as the carbon precursors

and non-ionic F127 as a surfactant. Ghimbeu et al.

[12] synthesized OMC based on solvent volatilization

induced self-assembly, with phloroglucinol/gly-

oxylic acid as the carbon precursor and a structure-

directing agent.

The hard template method can be used to synthe-

size mesostructures that cannot be obtained by

organic surfactant self-assembly techniques. Addi-

tionally, hard templates show stable physicochemical

properties, and so a variety of chemical and heat

treatments can be used to prepare highly crystallized

OMC products [13].

Vegetable oils are an environmentally friendly and

renewable resource primarily composed of C, H, O,

the main components of which are triglycerides [14].

An example is glyceryl trilinoleate, which has the

molecular formula C57H98O6, a carbon ratio of

approximately 0.55 (C/(H ? O)) and a sucrose con-

tent of 0.36. For these reasons, vegetable oils are

extremely useful as raw materials for sources of car-

bon materials. Studies have also been conducted on

the use of vegetable oils as raw feedstocks for the

preparation of carbon materials, such as carbon

nanotubes. Raziah et al. [15] applied a mixture of

castor oil and ferrocene as the raw material in con-

junction with thermal decomposition in the range of

300–400 �C using microwave radiation under N2

atmosphere to prepare tubular carbon nanotubes

with diameters of 7–50 nm. Paul et al. [16] synthe-

sized multi-walled carbon nanotubes with diameters

of 80–100 nm via a chemical vapor deposition tech-

nique using coconut oil as the carbon source, iron as

the catalyst, and N2 as a carrier for the vaporized

precursor. Suriani et al. [17] employed palm oil as a

carbon source to synthesize multi-walled and single-

walled carbon nanotubes with length of approxi-

mately 110 lm by chemical vapor deposition.

In the present study, SBA-15 was used as a hard

template together with soybean oil as the carbon

precursor to synthesize SOMC samples at 600, 700, or

800 �C. The morphologies and microstructures of

these materials were characterized by transmission

electron microscopy (TEM), scanning electron

microscopy (SEM), N2 adsorption–desorption (to

determine Brunauer–Emmett–Teller (BET) specific

surface areas), X-ray diffraction (XRD), Raman spec-

troscopy, and X-ray photoelectron spectroscopy

(XPS).

Materials and methods

Materials

P123 (a PEO-PPO-PEO triblock copolymers), with an

average Mn of approximately 5800, was procured

Scheme 1 A schematic of the

synthesis of ordered

mesoporous carbon by the

hard template method.
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from Sigma-Aldrich (USA). Tetraethyl orthosilicate

(TEOS, 98%), hydrofluoric acid (40%), and soybean

oil (reagent grade)were purchased from Aladdin

(China); H2SO4 (98%) and hydrochloric acid (36%)

were purchased from the Sinopharm Chemical

Reagent Co. Ltd. (China), and ethanol (95%) was

purchased from the Yantai Shuangshuang Chemical

Co. Ltd (China).

Experimental

Synthesis of SBA-15

The synthesis of SBA-15 has been previously repor-

ted by Zhao et al. [18]. In this process, 4 g P123, 120 g

hydrochloric acid (2 mol/L), and 30 g deionized

water were combined and stirred for 0.5 h to obtain a

transparent solution, after which, 8.5 g TEOS was

added with stirring and the mixture was maintained

at 40 �C for 24 h. The mixture was subsequently

transferred to a hydrothermal reactor and crystal-

lized at 100 �C for 72 h. After filtering and drying (at

80 �C for 12 h), the resulting white powder was cal-

cined at 550 �C (applying a ramp rate of 1 �C/min)

for 6 h in air to obtain the SBA-15.

Synthesis of SOMC

The synthesis of SOMC was performed based on

various techniques previously reported in the litera-

ture [19, 20]. In the present work, 5 mL anhydrous

ethanol, 76 lL concentrated sulfuric acid (98%), and

1 g SBA-15 were mixed with ultrasonication for

10 min. Following this, 1.25 g soybean oil was added

to the mixture with 10 min of continued ultrasoni-

cation. Thereafter, the mixture was maintained at

100 �C for 6 h and then 160 �C for another 6 h. The

resulting solid was calcined at 600 �C (at a ramp rate

of 5 �C/min) under N2 for 6 h to obtain the carbon–

silica composite, termed C/SiO2-600. This material

was subsequently soaked in 10% hydrofluoric acid

for 24 h, then filtered off and washed with deionized

water until the wash water was neutral to produce

the OMC-600. Samples treated at 700 and 800 �C, are
referred to herein as SOMC-700 and SOMC-800,

respectively.

Characterization methods

TEM images of the samples were acquired using a

Tecnai G2 F20 (FEI, USA), while the morphologies

and microstructures of these materials were assessed

by SEM with an EVO18 instrument (Zeiss, Germany).

N2 adsorption–desorption data were obtained using

an ASAP 2020 surface area and porosity analyzer

(Micromeritics, USA). XRD patterns were acquired

with a SmartLab X-ray diffractometer (Rigaku, Japan)

with Cu Ka radiation, operating at 40 kV and 30 mA.

Raman spectra were acquired measurement using an

Evolution Raman spectrometer (Horiba, France) at a

laser wavelength of 633 nm. XPS was performed with

an Escalab 250 Xi spectrometer (Thermo Scientific,

USA) using Al Ka radiation. Thermogravimetric

analysis (TGA) was conducted using a STA449F5

synchronous thermal analyzer (Netzsch, Germany) at

a heating rate of 10 �C/min under N2 or air.

Results and discussion

TEM and SEM

Figure 1a–c presents TEM images of the SOMC

specimens obtained using the different calcination

temperatures. Looking along the direction perpen-

dicular to the pore channels, an ordered strip-shaped

pore structure is evident. Conversely, the SOMC-600

exhibits a regular 2D hexagonal pore structure in the

direction parallel to the pore channels. The silica

walls of the SBA-15 were found to contain microp-

ores or to have a submesoporous structure. In the

nano-pouring process, the soybean oil entered the

micropores and submesoporous structure and car-

bonized to form carbon nanowires connected to one

another via carbon rods. After the SBA-15 was

removed, the result was a 2D hexagonal ordered

mesoporous structure [21, 22]. Wang et al. [23] syn-

thesized OMC at 850 �C under Ar using Al-SBA-15 as

the template and furfuryl alcohol as the carbon pre-

cursor, and produced TEM images showing a similar

highly ordered mesoporous structure. Figure 1d–f

presents TEM images of the C/SiO2 composites

produced at different calcination temperatures. The

carbon is seen to be evenly dispersed in the SBA-15

mesopores to form a composite nanostructure [24].

Compared to the SOMC products, the C/SiO2 com-

posites also exhibit a more obvious ordered structure.
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Figure 2 provides SEM images of the OMC speci-

mens and C/SiO2 composites produced at the vari-

ous calcination temperatures. These materials were

composed of rods approximately 1 lm in length and

0.5 lm in diameter and had morphologies very sim-

ilar to those of the OMC and SBA-15 previously

synthesized by Ignat et al. [25].

N2 adsorption–desorption

The nitrogen adsorption–desorption isotherms of the

SOMC samples synthesized at the various calcination

temperatures are shown in Fig. 3a. These isotherms

are all type IV and exhibit type H4 hysteresis loops,

indicating that these were mesoporous materials.

These type H4 hysteresis loops can be attributed to

the presence of compound pores in the OMC, as are

apparent in Fig. 3b. This figure demonstrates that the

pore diameter distributions of the OMC specimens

were bimodal with diameters in the range of

2.5–5.0 nm. In our previous work [26], an OMC pre-

pared using SBA-15 as a hard template and sucrose

as the carbon source also generated a type IV iso-

therm with a type H4 hysteresis loop. Additionally,

Figure 1 TEM images of SOMC and C/SiO2 composite samples.

Figure 2 SEM images of SOMC and C/SiO2 composite samples.
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Fuertes [27] synthesized an OMC with SBA-15 as the

hard template and furfuryl alcohol as the carbon

source and this material produced a typical IV iso-

therm with a type H1 hysteresis loop. The isotherms

obtained from the SOMC materials were not closed

but rather each contained a long, narrow gap over the

relative pressure range from approximately 0 to 1.

This result can possibly be ascribed to the expansion

of the soybean oil at high temperatures [28]. The

average pore diameter of each OMC was in the range

of 3.5–3.9 nm (Table 1). Chang et al. [29] employed

SBA-15 as a hard template and furfuryl alcohol as the

carbon source to prepare an OMC with a pore

diameter of 3.7 nm via heating at 800 �C under N2.

The BET surface areas of the present SOMC speci-

mens were in the range of 783–882 m2/g (Table 1),

and the SOMC-600 had the highest area of 882 m2/g

with a slight decrease in area on changing the car-

bonization temperature from 600 to 800 �C. Ding

et al. [30] used SBA-15 as a hard template and D-

fructose as the carbon source to produce an OMC

with a BET specific surface area of 351 m2/g and a

pore size of 3.2 nm at 900 �C, while Wang et al. [31]

applied SBA-15 as a hard template and sucrose as the

carbon source to synthesize an OMC with a BET

specific surface areas of 620 m2/g and pore diameter

of 4.6 nm at 900 �C under argon. The isotherms

obtained from C/SiO2 specimens produced at dif-

ferent calcination temperatures are presented in

Fig. 3c. Each isotherm can be classified as type IV,

indicating that these materials were mesoporous, and

the isotherms all demonstrate the same multilayer

bFigure 3 N2 adsorption/desorption isotherms and pore diameter

distributions for a and b SOMC and c and d C/SiO2 composite

specimens.

Table 1 BET surface areas and average pore diameters of SOMC

and C/SiO2 composite specimens

Sample S/BET (m2/g) DDFT (nm)

SOMC-600 882 3.5

SOMC-700 846 3.7

SOMC-800 783 3.9

C/SiO2-600 568 5.5

C/SiO2-700 527 5.6

C/SiO2-800 358 5.5

J Mater Sci (2020) 55:6525–6536 6529



adsorption. During the capillary condensation stage

associated with relative pressure values of 0.4–0.8,

the adsorption and desorption lines were separated,

and wide hysteresis loops were generated similar to

H1 loops. Compared to the SOMC, the C/SiO2 iso-

therms were closer to that of SBA-15 [32]. Gokulakr-

ishnan et al. [32] synthesized SBA-15 using P123 as a

structure-directing agent and tetraethyl orthosilicate

as a silica source, and observed type IV sorption

isotherms with H1 hysteresis loops. Babić et al. [33]

produced SBA-15/carbon cryogel composites via the

solgel polycondensation of resorcinol and formalde-

hyde followed by freeze-drying and subsequent

pyrolysis. These materials were found to give type IV

isotherms with hysteresis loops that indicated

mesoporous structures. However, an SBA-15/carbon

composite made using sucrose as the carbon source

generated a type I isotherm suggesting a microp-

orous material. The pore diameter distributions of the

C/SiO2 specimens synthesized at the different car-

bonization temperatures were found to be highly

similar to one another (Fig. 3d). Each demonstrated a

unimodal distribution with average pore diameters

of approximately 5.5 nm (Table 1). The BET surface

areas of these samples were in the range of

358–568 m2/g (Table 1), and so smaller than the

values for the SOMC specimens. This difference is

attributed to the silicon matrix occupying the pores in

the former material. Wu et al. [3] synthesized a car-

bon–silicon composite with a surface area of 338 m2/

g using 1, 4-bis (triethoxysilyl) benzene as the carbon

precursor and P123 as a template agent, which had a

mesoporous structure and an increased surface area

of 1397 m2/g after removal of the silica. Babić et al.

[34] prepared silica/cryogel carbon composites with

specific surface areas of 350–520 m2/g using SBA-15

as a hard template and found specific surface areas of

533–604 m2/g after removing the silicon.

XRD

Figure 4a provides the small-angle XRD patterns

obtained from the various SOMC samples and

demonstrates the presence of a broad diffraction peak

in each at a 2h of approximately 1.3�. This peak cor-

responds to the 100 crystal plane, indicating that the

OMC samples all had an orderly hexagonal structure

[35]. Yang et al. [26] synthesized OMC materials

using SBA-15 as a hard template and sucrose as the

carbon source and these specimens produced XRD

patterns showing a wide diffraction peak at a 2h of

1.1�, corresponding to the 100 crystal plane. Figure 4b

shows the wide-angle XRD spectra of the SOMC

samples. These patterns each contain two peaks at 24�
and 43� that correspond to the 002 and 100 crystal

planes, respectively, demonstrating the formation of

semi-graphitized carbon [36]. With increases in the

carbonization temperature, the diffraction peak rep-

resenting the 002 crystal plane was not significantly

enhanced, while that related to the 100 plane gradu-

ally increased in intensity. These results are similar to

wide-angle XRD data reported for the material syn-

thesized by Xie et al. [37]. Figure 4c presents the

small-angle XRD patterns of the C/SiO2 composites

generated at different calcination temperatures.

Three diffraction peaks are evident at 2h of 0.8�, 1.4�
and 1.7�, which corresponded to the 100, 110, and 200

crystal planes. These patterns are thus in agreement

with the pattern obtained for SBA-15 by Hartmann

et al. [35] and suggest that these composites had a 2D,

six-sided channel structure. The 2h values for the 100

crystal planes of the C/SiO2 composites were rela-

tively constant despite variations in the calcination

temperature, confirming that the pore diameters in

these materials were not affected by temperature

[4, 38]. This result is consistent with the pore diam-

eter distribution data reported by Hartmann. Fig-

ure 4d shows the wide-angle XRD patterns of these

same C/SiO2 composites. An intense peak is appar-

ent at a 2h value of approximately 22� together with a

less intense peak at 44�, corresponding to the 002 and

100 crystal planes of carbon, respectively. These

results also demonstrate the presence of semi-

graphitized carbon [36].

Raman spectroscopy

Figure 5 provides the Raman spectra of the various

SOMC specimens. Each spectrum contains two peaks

at 1580 and 1334 cm-1 that corresponds to graphite

(G) and disorder (D) bands, respectively. The G-band

indicates that a hexagonal graphite lattice was

formed, while the D-band shows imperfect hexago-

nal symmetry within the graphite structure [39]. With

increases in the carbonation temperature, the ID/IG
ratios (0.99, 1.04 and 0.98) did not change signifi-

cantly. Atchudan et al. [40] prepared graphitic

mesoporous carbon at different temperatures and the

resulting Raman spectra had ID/IG ratios of 0.93 (for

the material prepared at 800 �C), 0.79 (900 �C) and
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0.98 (1000 �C). Xie et al. [37] synthesized C/SiO2

composites (containing 5.51 wt% carbon) at different

carbonization temperatures (600, 700, 800, 900, and

1000 �C), and the Raman spectra of these specimens

exhibited increases in the ID/IG ratio with increasing

temperature. The ID/IG value is proportional to the

number of defect sites in the carbon material, which

in turn plays a role in the performance of the OMC as

a catalyst support. Li et al. [41] combined iron

phthalocyanine (FePc) with reduced graphene oxide

(RGO), mesoporous carbon vesicles (MCVs), and

OMC to synthesize a series of electrochemical cata-

lysts and found that the FePc/OMC combination

promoted the oxygen reduction reaction to the

greatest extent. Raman analyses showed that the ID/

IG ratio of the OMC (1.93) which was higher than

those for the RGO and MCVs. These data suggested

that the OMC had more edge plane-like defect sites

that promoted electron transfer reactions and acting

as adsorption sites for catalysis. Hou et al. [42] coated

OMC-x materials (where x is the sucrose-to-silica

mass ratio, with values of 0.6, 1.25 or 3) onto glassy

carbon (GC) electrodes for the electrocatalytic oxi-

dation of hydroquinone and found that the OMC-

0.6/GC electrode exhibited the strongest electrocat-

alytic response. The ID/IG ratios of these materials

indicated that the OMC-0.6 surface contained the

highest concentration of edge plane-like defect sites.

When OMC is used as a catalyst support, there is a

clear correlation between the ID/IG ratio and catalytic

performance. However, when OMC is employed as

Figure 4 XRD patterns of

SOMC and C/SiO2 composite

specimens: a, c small-angle

patterns and b, d wide-angle

patterns.

Figure 5 Raman spectra of SOMC specimens.
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an adsorbent, the correlation between the ID/IG ratio

and absorption performance is weaker. Tang et al.

[43] prepared an OMC with embedded Co nanopar-

ticles as an adsorbent for rhodamine B removal. The

IG/ID ratio of the Co/OMC was found to be higher

than that of the raw OMC, and so the degree of

graphitization of the pore wall structure in the Co/

OMC was evidently increased. Tang proposed that

this high level of graphitization improved the acid/

base and oxidation resistance of the material.

Armandi et al. [44] applied SBA-15 and MCM-48 as

hard templates together with sucrose as the carbon

precursor to synthesize C-15N2 and C-48, respec-

tively, to assess applications in hydrogen storage. The

Raman data showed that the ID/IG ratios of the

C-15N2 and C-48 were similar, although the C-15N2

demonstrated a greater hydrogen uptake ongoing

from 0 to 650 mmHg pressure.

XPS

Figure 6a provides the C1s XPS spectra of the SOMC

samples prepared at the different carbonization

temperatures. The characteristic peak observed in

each spectrum in the range of 284.80–284.82 eV cor-

responds to C=C bonds and accounts for 78.87%

(600 �C), 70.21% (700 �C) and 73.29% (800 �C) of the
total integrated intensity. With increases in the car-

bonization temperature, the intensity of this peak is

seen to have first decreased and then increased

slightly. The peak at 286.29–286.32 eV is attributed to

C–O bonds, and accounts for 9.44% (600 �C), 14.73%
(700 �C) and 11.48% (800 �C) of the total integrated

intensity. The peak at 289.20–289.50 eV results from

O–C=O groups [45], and accounts for 11.69%

(600 �C), 15.06% (700 �C) and 15.23% (800 �C). It is

evident that the XPS and Raman data are in agree-

ment. In the case of the OMC-700, the ID/IG ratio was

1.04, indicating that this specimen had the highest

proportion of disordered carbon. Correspondingly,

the XPS results demonstrate that the total integrated

intensity of the peaks due to C–O and O–C=O groups

were highest in the OMC-700 pattern. These results

suggest that the presence of disordered carbon may

be related to the oxidation of carbon. Figure 6b shows

the O1s XPS spectra obtained from the OMC materi-

als. The peak at 531.50–531.96 eV corresponds to C=O

bonds and accounts for 24.85% (600 �C), 18.81%

(700 �C), and 27.95% (800 �C) of the total integrated

intensity. The peak at 532.94–533.06 eV is attributed

to C–O bonds and accounts for 75.15% (600 �C),
81.19% (700 �C), and 72.05% (800 �C) of the total

integrated intensity [46].

TGA

Figure 7 shows the TGA curves acquired from the

SOMC materials either under nitrogen or air. Under

nitrogen and over the range of 50–550 �C, the data

show mass increases of 1.47% (SOMC-600), 1.71%

(SOMC-700), and 2.13% (SOMC-800), possibly caused

by the adsorption of nitrogen. As the temperature

was further increased from 550 to 800 �C, the masses

returned to the original values, indicating that the

adsorbed nitrogen was desorbed. There was thus

essentially no mass loss over the range of 50–800 �C.
In contrast, under air, the SOMC samples showed no

mass loss over the range of 50–500 �C but a sharp

drop in mass between 500 and 600 �C. The mass

losses were 94.66% (SOMC-600), 99.23% (SOMC-700)

and 94.90% (SOMC-800). These results are ascribed to

the oxidation of these materials under the air

atmosphere.

Conclusions

A series of SOMC specimens were prepared using

soybean oil as the carbon source and SBA-15 as a

hard template at carbonization temperatures of 600,

700, and 800 �C under a nitrogen atmosphere. TEM

images showed that these SOMC materials main-

tained an ordered mesoporous structure. The BET

bFigure 6 XPS spectra obtained from the SOMC specimens.

Figure 7 TGA curves obtained from the SOMC specimens.
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specific surface areas of the samples were in the

range of 783–882 m2/g and the average pore diame-

ters were in the range of 3.5–3.9 nm. Raman spectra

indicated the coexistence of a hexagonal graphite

lattice (producing a G-band) and imperfect hexagonal

symmetry within the graphite structure (producing a

D-band). TGA results demonstrated minimal mass

loss over the temperature range of 50–800 �C under

nitrogen but losses as high as 94.66–99.23% under air.
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