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a b s t r a c t

Ordered mesoporous carbons (OMC) were synthesized via a direct templating pathway by a synthesis
route that features short duration, moderate temperature and aqueous media. Resorcinol was used as
carbon precursor and hexamethylenetetramine as a source of formaldehyde and ammonia to respectively
cross-link the framework and regulate the pH. The temperature of the heat treatment leading to the for-
mation of the solid polymer was shown to have a strong influence on the structural and textural param-
eters. In particular, moderate temperatures led to the coexistence of differently-sized entangled
hexagonal mesostructures, whereas the higher temperatures led to a sharp decrease in the mesopore vol-
ume. The performance of these materials as anode materials for Li-ion batteries has been investigated in
detail. Although these OMC show reversible capacities similar to those reported for hard carbons, their
long-term cycling remains very stable for over 100 cycles of charge/discharge. The optimization of the
reported short preparation pathway offers new possibilities regarding the application of ordered meso-
porous carbons in various fields, such as energy storage, sorption and heterogeneous catalysis.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Li-based batteries hold a bright future to power ever higher
energy-demanding portable electronics, electric vehicles or for
the storage of energy produced from renewable but often intermit-
tent sources, like windmills for example [1–3]. Indeed, such batter-
ies display unique advantages, like high volumetric and massic
energy densities, combined with the absence of memory effect
and a high open-circuit voltage [4–6]. In the quest of even more
performant Li-based batteries that feature best security issues,
many researches around the world deal with the development of
new (solid) electrolytes as well as new electrode materials [7–9].
On the anode side, graphite is currently the most used insertion
compound, but its theoretical capacity is limited to 372 mA h/g,
i.e. 1 Li per 6 C atoms [10]. Considering the relationship existing
between the total capacity of a battery and the capacity of anode
materials, it appears that the best anode should bear a capacity
of about 1200 mA h/g when used with the current available cath-
ode materials, like LiCoO2 or LiFePO4 [11]. Such a value of capacity
could be attained with so-called hard carbons, i.e. porous carbons
bearing a turbostratic structure. Among these, ordered mesoporous

carbons (OMC) represent a particular class of materials because of
their highly regular mesostructure. It has indeed been reported
that such materials could exhibit specific capacities up to
1100 mA h/g with a very good cycling stability that has been
attributed to the regular mesoporous structure favorable to the
impregnation of the carbon by the electrolyte [12–13].

The most widespread procedure to prepare ordered mesopor-
ous carbons consists in a nanocasting route, where a mesoporous
silica acts as hard template that leads to its pure carbon inverted
replica [14]. The method as such is however impossible to scale-
up since it is costly – synthesis of mesoporous silica as sacrificial
template – and harmful – use of HF as etching agent. A more ele-
gant and convenient pathway is the direct synthesis of ordered
mesoporous carbons in presence of a surfactant as structure-
directing agent in a similar fashion as used for ordered mesoporous
silica [15–17]. Moreover, the obtained material is expected to be
more robust since the framework is continuous in comparison to
a stacking of carbon rods in the case of the replica [18].

Pioneering work has been reported during the last years in the
direct synthesis of ordered mesoporous carbons, using mainly
non-ionic surfactant micelles to control the growth of polymeric
networks based on phenol-derivatives and formaldehyde. The
most widespread is the Evaporation-Induced Self-Assembly (EISA)
method [19–20]. Via this pathway, highly ordered mesoporous
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carbon films – or monoliths – can be obtained upon evaporating
the solvent at ambient temperatures. Interestingly, this route is
also very versatile since it allows for the direct fabrication of
nanocomposites like C–Al2O3 or C–TiO2 [21–22]. Also, it is possible
to incorporate directly heteroatoms leading to W, Mo, Ti, B or
N-doped OMC, avoiding the necessity of tedious post-treatments
[23–25]. Nevertheless, it should be noted also that this route
requires the evaporation of large volumes of organic solvents,
especially if scaling-up is considered. Synthesis of OMC was also
reported using a phase separation method, where the growing
polymer-rich phase separates from the solvent [26–27]. Highly
acidic conditions (HCl as a catalyst) are nevertheless required,
making this route ill-adapted when poisoning by Cl� ions has to
be avoided and when synthesis equipment is not designed for cor-
rosive environments. Hydrothermal autoclaving processes, com-
monly employed in the preparation of zeolites and mesoporous
oxides, were reported first by Zhao and colleagues [28]. Ordered
mesoporous carbons were synthesized successfully, but adapted
equipment is necessary to work under high temperature and high
pressure. Finally, the best pathway for large-scale production could
very well be the diluted aqueous route reported by Zhao and col-
leagues [29–30]. OMC with hexagonal or cubic stacking of their
channels were reported, depending on the non-ionic surfactant
employed. Nevertheless, this synthesis appears to be very sensitive
both to temperature and pH of the mixture and this narrow win-
dow of conditions could be problematic if large-scale preparations
have to be realized. Moreover, very long durations (5–7 days) are
required for the polymerization to be accomplished.

In fact, compared to mesoporous silica, the cooperative self-
assembly process between surfactant and framework-building
blocks is more difficult in the synthesis of OMC since it requires
the presence of two precursors [31–32]. In that way, the key of a
successful preparation relies on the careful control of the phe-
nol–formaldehyde polycondensation, making it not too fast in
order to allow for the interaction of the growing oligomers with
the hydrophilic heads of the surfactant molecules. This was very
well-illustrated by Liu et al. who described the rapid aqueous syn-
thesis of OMC by using resorcinol with hexamethylenetetramine
instead of formaldehyde as cross-linking agent [33–34]. This pre-
cursor releases in situ OH� ions and formaldehyde upon hydroly-
sis, allowing for the control of pH and polymer network growth.
Remarkably, this pathway avoids the use of metal or halide ions,
making the resulting carbon free of any poisoning species.

As a general trend, whatever the synthesis route employed, the
surfactant used is a block-copolymer polyethyleneoxide–polyprop-
yleneoxide–polyethyeleneoxide (PEO–PPO–PEO) and the regular
stacking of mesopores in OMC always belong to 3D bi-continuous
cubic (Ia3d), 2D hexagonal (P6mm) or body-centered cubic (Im3m)
space groups [15–16]. This symmetry is mainly controlled by the
choice of the surfactant, i.e. the hydrophilic/hydrophobic balance
(PEO/PPO) that dictates the curvature of the micelles. The hydro-
philic volume is nevertheless changed upon interaction between
PEO moieties of the surfactant and the hydrophilic resol oligomers.
For that reason, the phenol/surfactant ratio will have an influence
on the structure of the final carbon [18,25,35]. Increasing the
hydrophobic volume for instance by adding a swelling agent like
trimethylbenzene or decane, which will locate in the cores of the
micelles, will favor the formation of structures with less curvature.
On the other hand, the use of reverse copolymers PPO–PEO–PPO in
conjunction with hexane as a cosolvent with the EISA method has
led to the formation OMC with intergrown hexagonal and cubic
pore structures, where one or the other phase was favored upon
tuning the amount of added cosolvent [36].

When using ammonia in addition to hexamethylenetetramine
in the aqueous synthesis pathway, it was also shown that the pore
structure of OMC could be oriented from body-centered cubic

(Im3m) to hexagonal (P6mm) space groups upon addition of trim-
ethylbenzene (TMB) [34]. The same authors reported that, in the
absence of ammonia, the presence of TMB was necessary to obtain
ordered mesostructures [33]. In addition, temperature is known to
play a key role in the orientation of the structure of ordered mes-
oporous materials, mainly by influencing the micelle packing
parameter g, defined by the volume and length of surfactant chains
as well as the effective area of the hydrophilic head groups [37].
Additionally, temperature can also have an influence on the pore
size distribution of the final mesoporous material [38–39]. For
these reasons and also to solve some reproducibility issues, we
decided to explore in more detail the HMT-based aqueous synthe-
sis route by realizing a systematic study of the influence of thermal
treatment temperature on the parameters of the final ordered
mesoporous carbons. The use of these materials as anodes for
Li-ion batteries was investigated in terms of their electrochemical
performances, which were compared to those of OMC obtained via
the hard-templating (nanocasting) route.

2. Experimental

2.1. Reagents

Resorcinol (1,3 dihydroxybenzene, C6H4(OH)2, 99%) and
electrolyte LP-71 (1 M LiPF6 in Ethylenecarbonate:Diethylcarbon-
ate:Dimethylcarbonate 1:1:1, EC:DEC:DMC) were supplied by
Merck chemicals. Block copolymer [poly(ethylene oxide)-
b-poly(propylene oxide)-poly(ethylene oxide)] surfactant Pluronic
F127 (EO106PO70EO106, Mav = 12,600) as well as hexamethylenetet-
ramine (HMT, C6H12N4) were purchased from Sigma–Aldrich.
1,3,5-trimethylbenzene (TMB, C9H12, 99%) was bought from Acros
chemicals and N-methyl-2-pyrrolidone (NMP, C5H9NO, 99.0+%)
from Alfa Aesar.

2.2. Synthesis of ordered mesoporous carbons

In a typical synthesis, 6.0 g of Pluronic F127 were dissolved in
108 ml deionized water in an autoclavable glass bottle. After stir-
ring during 3 h at ambient temperature, 1.2 g of trimethylbenzene,
3.3 g of resorcinol and 2.1 g of HMT were added sequentially, leav-
ing 1 h stirring between each. After 1 h further stirring, the bottle
was sealed and heated in an oil bath overnight, at a precisely
chosen temperature ranging from 65 to 127 �C. Depending on the
chosen temperature, a pink or orange aggregate was observed, sur-
rounded by a dark brown supernatant. The latter was discarded
and the aggregate washed with deionized water and i-propanol,
followed by drying in air. Pink to orange carbon polymer powders
were recovered at this stage. Finally, the surfactant was removed
upon carbonization of the materials under nitrogen in a tubular
furnace, with a heating ramp of 2 �C min�1 up to 800 �C, with a step
of 2 h.

2.3. Characterizations

The structure of the materials was investigated by powder
X-ray diffraction (XRD) on a Siemens D-5000 diffractometer (Cu
K-a radiation, 40 kV, 40 mA) as well as by Transmission Electron
Microscopy (Tecnai T10, 100 kV). Selected samples were also char-
acterized by Small Angle X-ray Scattering (SAXS) in order to get a
better insight into the mesostructural order. The SAXS data were
measured on a XEUSS SAXS/WAXS system from Xenocs, equipped
with a Molybdenum K-a X-ray source. The 2D scattering patterns
were rotationally averaged using the ConeX software [40] and
corrected for background intensity. The scattered intensity was
finally plotted against wave-vector q = 4p/ksin(h/2), where k is
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