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Abstract

This study was aimed at the synthesis of ordered mesoporous carbons with large pores. A triconstituent self-assembly strategy
was employed, where resorcinol and formaldehyde were used as carbon source, tetracthyl orthosilicate was used as silica source,
and triblock copolymer Pluronic F127 was used as structure directing agent. The effects of hydrochloric acid (HCI) concentration
on the composite yield and the textural properties of carbons were investigated. The composite yield was seen to increase until a
HCI concentration of 0.66 M. The effect of carbon source (resorcinol-formaldehyde (RF)) to Pluronic F127 ratio (RF/F127) was
also investigated. The pore sizes slightly varied around 6 nm at low RF/F127 ratios, while the RF/127 =2 ratio gave a 8.1-nm
pore size and 711-m?%/g surface area. The resultant carbons are promising for use in areas such as fuel cells, where diffusion

limitations affect the performance.
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Introduction

Polymer electrolyte membrane (PEM) fuel cells are widely
considered to be one of the most promising alternative energy
technologies. As in many other engineering applications in-
volving precious metal catalysts, carbons are employed at fuel
cell electrodes to support platinum [1, 2]. The properties of the
catalyst support affect the mass transfer of the reactant gases
and the accessibility of catalytic sites [3]. In general, it is
desirable for a support to have an ordered structure with large
pores to provide an effective mass transfer and enable an even
distribution of catalyst particles during metal loading.
Although carbon blacks are economical and easily obtainable
materials, they have shortcomings due to their disordered
structures. They have a significant portion of micropores
which are not fully accessible and known to be poorly
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interconnected [3]. Today, the research studies are focused
on the development of new support materials with more ad-
vanced properties. Ordered mesoporous carbons (OMCs) con-
stitute a relatively new family of materials with many potential
applications, one of which is the PEM fuel cells [4-11].

The early methods for the OMC synthesis were based on
the use of mesoporous silica templates such as MCM-41 and
SBA-15 [12-14]. These template-based methods require the
separate synthesis of a silica template which is then infiltrated
with a carbon source and finally removed by etching after
carbonization. Although the template method yields well-
ordered structures, the pore size of these carbons is typically
less than 5 nm. Since the catalyst particles often have compa-
rable sizes, these OMCs are disadvantageous for metal load-
ing and impractical for PEM fuel cell applications [13]. The
small pore size is disadvantageous for gas diffusion as well.
Moreover, the template-based methods do not allow an effi-
cient control over the pore size and texture as the properties of
the final product are limited by the properties of template.

The more recently developed direct synthesis methods pro-
vide a more flexible route, in which the pores can be tailored
by adjusting various synthesis parameters. This technique can
either be described as a “soft-template” process (colloidal
template) [15], or an organic (sometimes organic-inorganic)
self-assembly [16, 17]. The direct synthesis is analogous to the
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synthesis of mesoporous silicas, in that the OMC is synthe-
sized directly from the polymerization of a carbon source in
the presence of a structure directing agent. By this method,
larger pores can be obtained which both facilitate the mass
transfer and provide a better metal loading. This procedure is
also more cost-effective and involves fewer steps than the
template-based methods.

Direct synthesis was pioneered by Raghuveer et al. who
used cetyl trimethyl ammonium bromide (CTAB) as surfac-
tant and aniline as the carbon source. This method produced
large pores (1040 nm) at certain CTAB/aniline ratios, but the
resultant materials had poorly ordered structures [15, 18].
Since then, direct synthesis method was adopted by many
researchers due to its versatility, as it allowed the use of wide
varieties of surfactants and carbon sources. Triblock copoly-
mers such as Pluronic F127 proved to be very effective as
surface directing agents [16, 19-21]. Typically, phenol or
phloroglucinol would be used as carbon source. The resorcin-
ol and formaldehyde combination as a carbon source has been
increasingly popular in recent years [22, 23], especially in fuel
cell-related studies [24, 25]. The relative ease of obtaining
these materials and a multitude of synthesis parameters led
to the better control of pore size. One of the most extensively
studied parameters was the concentration of the main constit-
uents, often relative to each other such as the molar (or mass)
ratio of the carbon source to the structure directing agent
[26-28]. Studies show that the adjustment of the species con-
centrations can lead to different micelle formations ranging
from rod shape to spherical and give OMCs with different
structures. It was reported that higher F127/RF ratios are more
likely to give 3D structures [26]. However the relationship
between the carbon source concentration and the resultant
carbon structure is complex and has yet to be elucidated.

Other studied parameters include the ethanol to water ratio
[29], temperature of heat treatment [30], and reaction time of
polymerization [31]. The acidity is well known to affect the
cross-linking behavior in polymerization of silicates, but its
effect in the synthesis of mesoporous carbons is rarely studied.
It was reported that highly acidic concentrations prevent the
later shrinkage of the polymer texture under heat treatment,
leading to larger pores [32]. In another study, ultra-large pores
up to 19.2 nm were created by using phloroglucinol and form-
aldehyde under highly acidic conditions in the expense of an
ordered structure [33]. When taken together with other param-
eters affecting the structure, the effect of acid concentration is
not sufficiently studied in literature.

Incorporation of silicates into the soft template synthesis is
an alternative approach aimed to increase the pore size
[34-40]. It was shown that tetracthyl orthosilicate (TEOS)
can easily participate in the self-assembly of organic species
to form silica/polymer composites [41, 42]. The main advan-
tage of silica is that it forms a rigid framework within the
silica/polymer composite and prevents the structural
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shrinkage during the heat treatment, leading to larger pores
[43]. Another advantage of using silicates is the creation of
micropores after the etching process, which provides pore
connections and a three-dimensional mass transfer medium.
Silicates also can be bound favorably to the micelles by hy-
drogen bonds and increase the pore size [44]. Although the
triconstituent system often leads to less ordered structures, the
large pores and 3D framework is advantageous for fuel cell
applications.

Here in this study, we report on the synthesis of large pore
sized ordered mesoporous carbons using a triconstituent direct
synthesis under different acid concentrations and precursor
ratios. The synthesis procedure consists of the self-assembly
of polymer/silica composite around structure directing agent,
Pluronic F127. Resorcinol and formaldehyde were used as
carbon source for the polymerization, while silica was incor-
porated in the form of TEOS. The effects of acidity on the pore
texture and composite yield were investigated. The effect of
mass ratio of RF/F127 was also taken into consideration. The
resultant composites and carbons were characterized by ther-
mogravimetric analysis, nitrogen adsorption, X-ray powder
diffraction, and transmission electron microscopy. By tuning
the synthesis conditions, large pore sized carbons suitable for
fuel cell applications were developed.

Materials and methods
Materials

Amphiphilic triblock copolymer Pluronic F127
(EO190sPO70EO 06, EO (ethylene oxide), PO (propylene ox-
ide), My, = 12,600 g/mol) was purchased from Sigma-Aldrich.
Resorcinol (99%) and formaldehyde (37% w/w) as carbon
sources were obtained from Merck and Sigma-Aldrich, re-
spectively. TEOS (98%) was obtained from Sigma-Aldrich
and used as the silica source. Hydrochloric acid (HCL, 37%
w/w) was used as polymerization catalyst. Ethanol and deion-
ized water were used as the solvent.

Synthesis of OMCs

OMCs were prepared by a triconstituent self-assembly meth-
od where Pluronic F127 was used as structure directing agent,
resorcinol and formaldehyde were used as carbon source, and
TEOS was used as the silica source. For a typical synthesis
(RF/F127=2/1), 1.25 g resorcinol and 1.25 g Pluronic
F127were dissolved in 50 ml water-ethanol (2:3 v/v) solution
and stirred for 15 min. Afterwards, HCI was added as poly-
merization catalyst and the solution was stirred for another
15 min. Then, 1.25 g formaldehyde and 1.87 g TEOS were
added and the solution was kept under vigorous stirring for
30 min. The mass ratio of carbon source (resorcinol and
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formaldehyde) to Pluronic F127 was set between 1:4 and 4:1
to study the effect of the RF/F127 ratio, and the HCI concen-
tration was varied between 0.22 and 0.88 M to study the effect
of acid concentration. The solution was kept still in room
temperature for 4 days to ensure that the polymerization reac-
tion is complete. At the end of this period, the solution sepa-
rated into two phases; a bottom composite-rich phase and an
upper ethanol-rich phase. The ethanol-rich phase was
discarded while the composite phase was transferred to a
Petri dish and dried in an oven at 110 °C. Then, the composite
was grinded and carbonized under controlled argon atmo-
sphere at 180 °C for 1 h, 400 °C for 4 h, and 700 °C for 1 h
using a tube furnace (Protherm, ASP series). Finally, the car-
bonized material was etched by 15% HF to remove the silica
in the composite structure.

Characterization

The composites and carbons were physically characterized by
thermogravimetric analysis (TGA), nitrogen physisorption,
X-ray powder diffraction (XRD), and transmission electron
microscope (TEM). Temperature-programmed TGA was ap-
plied to the composite samples taken prior to the carbonization
stage to see the physicochemical changes in the samples dur-
ing the carbonization. Measurements were conducted between
30 and 850 °C using a Setaram LABSYS thermogravimeter.
Nitrogen physisorption analysis was performed in order to
investigate the surface areas, pore size distributions, and pore
volumes of the carbons using an Autosorb-6B model
Quantachrome sorptometer. Samples were preheated at
110 °C before the analysis. Specific surface areas were calcu-
lated by the BET (Brunauer-Emmett-Teller) method. The pore
size distributions and pore volumes were calculated from the
adsorption branches of isotherms using the BJH (Barrett-
Joyner-Halenda) method.

The ordered mesostructure of the carbons were investigat-
ed by XRD using a Rigaku Ultima IV diffractometer with a
40-kV excitation potential and Cu K« radiation (A =
1.5406 A). Measurements were performed between 2 =0.2—
30° with a scan rate of 0.02°/min. Interplanar spacings were
calculated by the Scherrer equation. Pore structures of the
samples were investigated by TEM analysis using a 200 kV
Jem Jeol 2100F model HRTEM microscope.

Results and discussions

Effect of the HCl concentration

To study the effect of HCI concentration, samples were pre-
pared at different HCl concentrations (between 0.22 and

0.88 M) and then assigned as OMC-H22, OMC-H44, OMC-
H66, and OMC-HS88. The dry masses of the polymer/silica

composites were measured before the carbonization process.
Figure 1 shows that the total composite mass increases with
the acid concentration until it reaches a steady value at around
0.66 M. It should be noted that the total composite mass con-
sists of polymer, silica, triblock copolymer, unreacted resor-
cinol and formaldehyde, and possibly some water and ethanol,
so the reaction yield of polymerization can only be assessed
after TGA analysis. Nevertheless, Fig. 1 shows that the com-
posite mass varies with the acid concentration due to the lat-
ter’s effect on the polymerization reaction mechanism.

TGA analysis was performed to investigate the composition
and the physicochemical changes during the carbonization stage.
The change in mass seems to follow similar trends in all the
samples, except some slight differences under 380 °C (Fig. 2).
This shows that although the HCI concentration affects the total
composite mass, it does not have a strong effect on the compo-
sition due the phase equilibrium in the synthesis solution.

Over 850 °C temperature, the remaining mass constitutes
about 25% of the initial composite mass. The sharpest de-
crease in the mass occurs between 390 and 410 °C due to
the decomposition of triblock copolymer Pluronic F127. A
loss of about 15% occurs up to that temperature, mainly be-
cause of the evaporation of water, ethanol, and the unreacted
resorcinol and formaldehyde. This shows that the polymer-rich
composite phase contains 60% triblock copolymer by mass at
the beginning. This is a reasonable value considering that the
pores are filled with the micelles formed by Pluronic F127.

The slight mass changes between 50 and 100 °C are mostly
due to the evaporation of water and shows that the polymeric
phases still contain some 3—4% water in the structure even
after the drying process. It is seen that the mass changes slow
down after 410 °C and become negligible over 700 °C. In
previous works, pure Pluronic F127 was reported to be
decomposed by a 97% ratio at 410 °C [27]. The 10—15% mass
change still occurring over 410 °C may be attributed to the
side products and other defects in the polymer chain after the
condensation reaction between resorcinol and formaldehyde.
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Fig. 1 Variation of the composite mass with the HCI concentration
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Fig. 2 TGA analysis of composite samples prepared at different HC1
concentrations

By assuming a R/F stoichiometric ratio of 1:2 for the po-
lymerization reaction, the mass yields were calculated to be
between 22 and 30% for the OMC samples (Table 1). Since
the compositions of the samples do not vary with the
acid concentration, it can be concluded that the variation of
the polymerization yield with the acid concentration follows
the same trend in Fig. 1 and the reaction is completed at around
0.66 M.

Nitrogen physisorption analysis was carried out to in-
vestigate the pore structures of the OMC samples prepared
at different acid concentrations. Adsorption/desorption iso-
therms show that all samples have predominantly mesopo-
rous structures, as the capillary condensation steps are
clearly evident in the middle relative pressure values
(Fig. 3a). The OMC-H44 carbon is distinguished from
the others as the capillary condensation occurs at higher
relative pressures, suggesting a larger pore size. For the
other HCI concentrations, the capillary condensations oc-
cur nearly at the same relative pressure range indicating
that their pore sizes are close to each other. The lowest
HCI concentration gives a smaller surface area, which is
evident from the amount of nitrogen adsorbed throughout
the cycle. It is noteworthy that acid concentrations of 0.66
and 0.88 M give nearly overlapping isotherms and show

that the effect of the acid concentration is less pronounced
over 0.66 M.

All the isotherms exhibit type IV behavior with H1 type
hysteresis loops, signifying a uniform pore size distribution.
This is evident in the pore size distribution where all samples
give well-defined peaks typical of unimodal pore architectures
(Fig. 3b). The OMC-H44 sample has a broader distribution
and a larger mean pore size. The pore size distributions of the
carbons prepared at 0.66 and 0.88 M are very similar and
indicative of smaller sized but well ordered pores. Surface
areas, mean pore diameters, and pore volumes of the carbons
prepared at different acid concentrations are listed in Table 2.

It is evident that the HCI concentration not only affects the
reaction mass yield but also the final morphology through the
polymerization mechanism. However, the influence of acid
concentration is less significant after 0.66 M at which point
the reaction is completed. The highest surface area was mea-
sured from the OMC-H44 carbon as 711 m?/g, slightly greater
than OMC-H66 and OMC-HS8S. It is interesting that the same
carbon has the largest pore size also, with 8.1 nm. This can be
explained by a combination of an exceptionally high total pore
volume of 0.75 cm?/g, resulting from thinner pore walls due to
a not fully competed polymerization, and a slightly greater
micropore volume which is the main contributor to the surface
area. In the case of OMC-H22 with the lowest HCI concen-
tration, the small surface area and the exceptionally small
micropore volume suggest that a lower degree of polymeriza-
tion leads to a simpler, unimodal pore structure. Thus, the
increase of the HCI concentration seems to promote the for-
mation of micropores by branching of the polymer chain. The
significant volumes of micropores in the samples can also be
attributed to the inclusion of TEOS. According to the litera-
ture, micropores created by the etching of TEOS may have an
enhancing effect on the mass transfer by serving as connec-
tions between the mesopores [44].

Wide-angle XRD spectra showed broad peaks at 20 =23°
due to (002) diffraction of the amorphous carbon crystal struc-
ture. Low-angle XRD patterns of the carbons are shown in
Fig. 4. Intense peaks in the region 20 = 0.4-0.45° for all car-
bons indicate an ordered mesostructure. There are also less
intense reflections at 0.74° for H66 and H&8, 0.84° for H22,
and a weaker shoulder for H44. These secondary reflections
may be either due to the long-range (110) mesostructures or
due to the presence of uniform micropore textures. The OMC-

Table1 Polymerization mass yields of composites prepared at different HCI concentrations (OMC-H22; 0.22 M HCI, OMC-H44; 0.44 M HC1, OMC-
H66; 0.66 M HC1, OMC-H88; 0.88 M HCl)

Yield OMC-H22 OMC-H44 OMC-H66 OMC-H88
Total composite mass (g) 1.72 1.90 2.32 2.30
Polymer/silica mass (g) 043 0.475 0.58 0.575
Mass yield (%) 22.4 24.7 30.2 29.9
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Fig. 3 a BET isotherms of OMC-H22, OMC-H44, OMC-H66, and OMC-H88 carbons prepared at different acid concentrations. b Pore size
distributions of OMC-H22, OMC-H44, OMC-H66, and OMC-H88 carbons prepared at different acid concentrations

H44 carbon has the weakest of these secondary peaks, prob-
ably due to a convergence of the micropore reflections with
the main mesopore peak. A less intense main peak in OMC-
H44 carbon confirms a lower degree of order but a slightly
wider pore size distribution. The position of the peak is also at
a smaller angle (0.42°) indicating a wider d-spacing.

The patterns suggest that these carbons have three-
dimensional wormhole structures. Bragg equation gives an
approximate d-spacing of 10.5 nm for OMC-H44 (for the
peak at 20 =0.42°) and 9.8 nm for OMC-H66 and OMC-
HS88 (for the peaks at 20 =0.45°). Considering the fact that
the wall thickness is also contributing to the plane spacing,
these values are consistent with the results found with the
nitrogen adsorption analysis.

Effect of the carbon source to surfactant (RF/ F127)
ratio

Among the carbons prepared at different acid concentrations,
the largest pore size was obtained from the OMC-H44 sample;
therefore, the HCI concentration was kept constant at 0.44 M
in the subsequent synthesis. Carbons were synthesized at dif-
ferent RF/F127 ratios varying between 0.25 and 4 (RF = C,

F127 = P; OMC-H44-C1P4, OMC-H44-C1P2, OMC-H44-
C1P1, OMC-H44-C2P1, OMC-H44-C4P1). OMC-H44 and
OMC-H44-C2P1 are identical since the former was already
synthesized in RF/F127 =2 ratio. The changes in the physical
properties were apparent after the phase separation, as the RF/
F127:0.25 ratio gave yellow colored composite phase while
the RF/F127:4 ratio produced red colored composite phase.
Figure 5a shows the nitrogen adsorption-desorption iso-
therms of different carbon samples synthesized in varying
RF/F127 ratios.

The OMC-H44-C4P1 carbon with the highest RF/F127
ratio is seen to have a distinguished isotherm for which ad-
sorption and desorption branches do not overlap at the end of
the cycle. The adsorbed nitrogen volume is also significantly
low for this sample. This indicates a microporous structure
with a smaller surface area compared to the other carbons.
The separated branches of adsorption and desorption are pos-
sibly due to the partial blockage of pores after the adsorption
and hindering the desorption. This situation is typical for mi-
croporous polymers and shows that the sample has an elastic
structure. In any case, it appears clearly that the OMC-H44-
C4P1 does not possess favorable features regarding fuel cell
applications. Except for the aforementioned carbon, all other

Table 2 Textural properties of

carbons prepared at different acid Carbon sample Sr (m*/g) D,gs (nm) Dges (nm) D,yg (nm) Vr (cm*/g) Vi (cm*/g)
concentrations
OMC-H22 365 5.6 43 5.0 0.42 0.18
OMC-H44 711 9.5 6.6 8.1 0.75 0.35
OMC-H66 675 49 3.9 44 045 0.33
OMC-H88 669 5.6 3.9 4.8 041 0.32
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Fig. 4 XRD patterns of OMC:s prepared at different HCI concentrations,
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samples exhibit type IV adsorption-desorption isotherms
showing predominantly mesoporous structures. Isotherms
for RF/F127 ratios of 0.5 and 1 are almost identical, suggest-
ing that the C/P ratio has little influence on the structure in this
range. On the other hand, carbons with RF/127=0.25 and 2
show sharper pore condensation transitions, indicative of
greater mesopore volumes. As seen in Fig. 5b, all carbons
except OMC-H44-C4P1 have narrow pore size distributions
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with their peaks centering around 5—6 nm for RF/F127 ratios
from 0.25 to 1 and 8 nm for RF/F127=2. OMC-H44-C1P4
features a distinctly narrower pore size distribution and a more
uniform pore structure. However, OMC-H44-C2P1 has a larger
mean pore size which is more advantageous for fuel cell appli-
cations. Except for OMC-H44-C4P1, the surface areas are be-
tween 689 and 714 m?/g and do not differ significantly. Surface
areas, pore sizes, and pore volumes are summarized in Table 3.

Aside from OMC-H44-C2P1 with the largest pore size,
most of the samples have mean pore sizes near 6 nm which
may be deemed adequate for fuel cell applications. The pore
volumes also differ with the RF/F127 ratio. The large pore
volumes of OMC-H44-C1P4 and OMC-H44-C2P1 are
thought to be due to the decreased wall thickness. In general,
the smaller RF/F127 ratios produced well-ordered carbons
with narrower pore size distributions and smaller pores. At
higher RF/F127 ratios, the pore size is larger but the structure
is less ordered. This may be explained by the change in the
packing parameter, which can be defined as the ratio of the
carbonaceous phase to the surfactant phase within a unit cell.
It has been reported that higher carbon source concentrations
cause the micelles attached to the carbon framework to swell
and lead to larger pores [27]. It can be concluded that higher
RF/F127 ratios lead to less ordered structures and values over
RF/F127 =4 give totally disordered and microporous carbons.
Therefore, besides affecting the polymer wall thickness and
swelling of micelles, the carbon source concentration also
affects the formation and size of the micelles at higher con-
centrations. Similarly, Long et al. reported that over a RF/
F127 ratio of 5, disordered structures are formed, while the
most ordered structure is formed at a RF/F127 ratio of 2.5 and
RF/F127 ratios between 2 and 2.5 give three-dimensional
body centered cubic structures [31].
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Fig. 5 a Nitrogen adsorption isotherms of the OMC samples synthesized in different RF/F127 ratios (OMC-H44-C1P4, OMC-H44-C1P2, OMC-H44-
C1P1, OMC-H44-C2P1, OMC-H44-C4P1). b Pore size distributions of the OMC samples synthesized in different RE/F127 ratios
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Table 3 Textural properties of - 2
carbons prepared at different RF/ RF/F127 ratio Sper (M7/g)

Dygs (m)  Dye,(nm)  Dye(m)  Vi(em’/g) Vi (em’/g)

F127 ratios

1:4 714
1:2 689
1:1 704
2:1 711
4:1 110

6.5 5.6 6.1 0.62 0.32
6.6 49 5.8 0.56 0.30
6.5 49 5.7 0.56 0.31
9.5 6.6 8.1 0.75 0.35
1.4 2.5 2.0 0.29 /

TEM analysis

Physical characterization studies showed that the OMC-H44-
C2P1, OMC-H44-C1P2, and OMC-H44-C1P4 carbons have
comparatively large mean pore sizes and uniform
mesostructures. TEM images of the corresponding samples

Fig. 6 TEM images of a, b
OMCH44-C2P1, ¢, d OMC-H44-
C1P4, and e, f OMC-H44-C1P2
carbons

are shown in Fig. 6. All samples exhibit three-dimensional
wormhole-like structures which can be defined by the Ia3d
symmetry group. Although the regularity of the mesopores
is not of a high level, the interconnected structure is advanta-
geous for fuel cell applications, as three-dimensional frame-
work in porous carbons is known to facilitate the mass
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transport [45]. From the bright and dark regions, the pore size
of'the OMC-H44-C2P1 carbon can be roughly measured to be
around 10 nm. This is consistent with the findings of the
nitrogen adsorption and XRD analysis and even shows that
the size based on the desorption branch (9.5 nm) has better
proximity to the one observed from TEM images.

Conclusions

Employing a triconstituent self-assembly strategy and by
tuning the HCI concentration and RF/F127 ratio, a carbon
with a pore diameter of 8.1 nm and a surface area of
711 m%/g was successfully synthesized. The composite yield
was seen to increase with HCI concentration until the comple-
tion of the polymerization reaction at around 0.66 M. The
textural properties were not affected by acid concentration
after 0.66 M in accordance with the completion of polymeri-
zation. The largest pore size (8.1 nm) was obtained at an acid
concentration of 0.44 M and a RF/F127 ratio of 2. Smaller RF/
F127 ratios also gave pore sizes near 6 nm. These carbons
exhibited 3D wormbhole-like structures, which is advanta-
geous for mass transport. It can be concluded that the afore-
mentioned OMC-H22-C2P1 carbon can be used as a support
material in fuel cells and other applications where larger pore
sizes are needed.
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