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We describe a very simple method for the formation of high
surface area carbon aerogels from melamine-formaldehyde
resins, via metal salt (CaCl,) templating, wherein subcritical drying
is used and no activation is required. The metal salt acts as a
porogen to generate carbon aerogels with surface area of up to
1100 m? g~', which exhibit significant CO, uptake of up to 2.2
mmol g~ at 298 K and 1 bar.

A number of classes of porous materials such as carbons and
metal organic frameworks (MOFs) are considered as possible
candidates for energy related applications (e.g., gas storage)."™
Porous carbons are attractive due to their chemical inertness,
stability under various environments, versatility and low density,
and are currently under intense investigation for potential
applications in gas storage. More generally, an important
research theme in porous carbon synthesis is the development
of simpler and cheaper preparation routes to carbons with
attractive textural properties. Carbon aerogels are of interest due
to their low bulk density and a high internal surface area. Carbon
aerogels are conventionally synthesized via three sequential steps;
(i) sol-gel polymerization of molecular precursors into an organic
gel, (ii) drying of the organic gel and (iii) carbonization of the
organic gel to generate the final carbon aerogel. A particular
disadvantage of the conventional method of generating carbon
aerogels is that the organic gels typically require supercritical
drying® or freeze-drying® prior to carbonization to the final carbon
aerogel. Usually the carbon aerogel is then activated in order to
generate a high surface area carbon.”

The special drying conditions (supercritical or freeze drying)
are considered essential for the retention of porosity in the organic
gels;® conventional air-drying generally leads to collapse of the
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organic gel network, which precludes the formation of a high
surface area carbon after carbonization. However, the use of
specialised drying techniques is cumbersome and requires
specialised equipment, and therefore it is desirable to develop
simpler synthesis routes to carbon aerogels. It would also be
simpler to generate high surface area carbon aerogels without the
need for the activation process. In this regard, templates of various
forms have been widely used for the preparation of porous
carbons.” The templates are usually needed to either generate
porosity or to cause structural ordering in the templated carbons.’
Whilst structural order is not a requirement for carbon aerogels,
there is scope for the use of templates to generate porosity in a way
that may negate the need for activation. Here we report on a very
simple route that employs the use of a metal salt template for the
formation of carbon aerogels wherein, additionally, subcritical
drying is used and no activation is required to generate high
surface area. Furthermore, no extra steps are required during the
subcritical drying process.™

Briefly (see ESIf for details), 4.2 g of melamine and 19.4 g of
37% formaldehyde were added to 15 ml of water under stirring,
followed by the addition of 0.44 g of 0.1 M sodium carbonate
solution. The resulting mixture with a pH of 8.5 was heated at 40
°C until a clear solution of hexamethylomelamine (MF) was
formed after which metal salt (33.6 g of CaCl,) was added at a
CaCl,/MF ratio of 2. The pH of the resulting solution was adjusted
to 4.5 by addition of 1 M HCI and heated at 60 °C for 1 h to
generate a MF resin/CaCl, composite. The composite was dried
and cured at 180 °C for 6 h and then carbonised at 700, 800 or 900
°C for 2 h under nitrogen. The resulting carbon aerogels were
washed with water to remove the metal salt template, and denoted
as Ca-CAMFx (where x is carbonisation temperature).

The nitrogen sorption isotherms of the carbon aerogels are
shown in Fig. 1 and the textural properties are summarised in
Table 1. The isotherms of all three templated carbon aerogels are
close to type IV and display a H4 type hysteresis loop at relative
pressure (P/Po) above 0.5,'" which is indicative of the presence of
narrow slit-like pores. Templated carbon aerogels pyrolysed at 700
and 800 °C (ie., Ca-CAMF900 and Ca-CAMF800) have higher
adsorption, and thus greater porosity compared to sample Ca-
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Fig. 1 Nitrogen sorption isotherms for Ca-CAMFx samples carbonised at 700, 800
or 900 °C. For clarity isotherms for Ca-CAMF800 and Ca-CAMF900 are offset (y-axis)
by 100 and 200 cm® g~ ", respectively.

CAMF700. The surface area of the CaCl,templated carbon
aerogels varies between 785 and 1090 m> g~' and the pore
volume ranges from 1.22 to 1.66 cm® g~ ' as summarised in
Table 1. These textural properties are amongst the highest ever
reported for unactivated carbon aerogels,"”” and are by far the
highest for carbon aerogels prepared via subcritical drying.'® It is
noteworthy that a carbon aerogel (designated as CAMF), which
was prepared in a manner similar to the templated carbon
aerogels but with no metal salt template, was virtually non-porous
with a surface area of 4 m®> ¢! and hardly any pore volume
(Table 1). We therefore attribute the high surface area of the
templated carbon aerogels to the positive influence of using a
porogen, which in the present case is a metal salt (CaCl,). The
templated carbon aerogels exhibit significant microporosity, which
is a contributing factor to the high total surface area observed; the
proportion of surface area associated with micropores is 48%,
56% and 55% for Ca-CAMF700, Ca-CAMF800 and Ca-CAMF900,
respectively, and thus relatively similar irrespective of the pyrolysis
temperature. On the other hand, the proportion of micropore
volume is rather lower at 14%, 20% and 13% for Ca-CAMF700, Ca-
CAMF800 and Ca-CAMF900, respectively. We propose that the
CaCl, acts as a porogen by generating a continuous inorganic
phase within the carbon network. Dissolution of the inorganic
phase then creates porosity in the carbon aerogel, which retains
structural integrity following carbonisation at high temperature
(700-900 °C). This proposal is supported by the fact that the
carbon aerogels were found to have no porosity prior to the final
washing step. The washing step, which removes the metal salt or

Table 1 Textural properties and CO, uptake of CaCl,-templated carbon aerogels
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Fig. 2 Pore size distribution (PSD) curves obtained using (A) BJH or (B,C) NLDFT
analysis for CaCly-templated Ca-CAMFx carbon aerogels (where x is pyrolysis
temperature; 700, 800, or 900 °C); a, b and c in (B) refers to Ca-CAMF700, Ca-
CAMF800 and Ca-CAMF900, respectively.

its derivatives, is an essential step in generating porosity. The
pyrolysis temperature appears to have an influence on the textural
properties with the aerogel carbonised at 800 °C (Ca-CAMF800)
exhibiting the highest surface area.

The pore size distribution (PSD) curves of the templated carbon
aerogels are shown in Fig. 2 and the pore size data is summarised
in Table 1. PSD curves obtained via BJH analysis (Fig. 2A) show a
relatively broad distribution of pore sizes with the maximum
centred at ca. 10 nm for Ca-CAMF700 and Ca-CAMF900 and 9 nm
for Ca-CAMF800. The BJH analysis also suggests the presence of
micropores, with their proportion being highest for sample Ca-
CAMF800 which is consistent with the extent of microporosity
(Table 1). Given the limitations of BJH analysis in probing the
presence of micropores, we performed pore size analysis using the

Sample Surface area (m* g~ ') Pore volume (cm® g™*)° Pore size (nm)? CO, uptake (mmol g~ )¥
CAMF* 4 0.01

Ca-CAMF700 785 (375) 1.22 (0.18) 1.2/3/10 2.1 (2.7)

Ca-CAMF800 1090 (611) 1.37 (0.28) 1.2/3/9 2.2 (1.9)

Ca-CAMF900 1014 (557) 1.66 (0.21) 1.2/3/10 1.7 (1.7)

@ CAMF is the non-templated carbon aerogel. The values in parentheses refer to. ” Micropore surface area. ¢ Micropore volume. ¢ Maxima of

pore size obtained from PSD curves. ¢ CO, uptake at 298 K and 1 bar. / The values in parenthesis are CO, uptake density in pmol m™~.
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Table 2 Textural properties and CO, uptake of non-templated carbon aerogel before (CAMF) and after activation (12AC-CAMFX, where X is activation temperature)

at KOH/carbon ratio = 2

Sample Surface area (m* g~ ') Pore volume (cm® g~*)° Pore size (nm)? CO, uptake (mmol g~ ")
CAMF“ 4 0.01

12AC-CAMF600 84 (59) 0.05 (0.03) 1.1 1.0

12AC-CAMF700 260 (203) 0.16 (0.10) 0.6/1.2 15

12AC-CAMF800 637 (550) 0.33 (0.26) 0.8/1.5 1.9

12AC-CAMF800 860 (736) 0.45 (0.35) 0.8/2.2 2.0

% CAMF is the non-templated carbon aerogel. The values in parentheses refer to.  Micropore surface area. © Micropore volume. ¢ Maxima of

pore size obtained from PSD curves. * CO, uptake at 298 K and 1 bar.

NLDFT model, which as shown in Fig. 2B also indicated the
presence of pores of size ca. 10 nm for all the templated carbon
aerogels. In addition, the NLDFT analysis indicated the presence
of small (3 nm) and large (26 nm) mesopores (Fig. 2B) along with
micropores of size 1.2 nm (Fig. 2C). Overall, though, both BJH and
NLDFT pore size analysis indicate that the predominant pores are
large mesopores of size ca. 10 nm, which is typical for carbon
aerogels.”

As described above, the formation of the templated carbon
aerogels is very simple and high surface area may be generated in
the absence of supercritical drying or activation. For comparison,
we activated the non-templated carbon aerogel (CAMF) and
compared the properties of the resulting activated carbons
(Table 2 and Fig. 3) with the metal salt templated samples. The
nitrogen sorption isotherms in Fig. 3 indicate that activation of the
non-templated CAMF aerogel generates some micro and meso-
porosity but the overall porosity achieved is modest; the surface
area of the activated CAMF carbons varies between 80 and 860 m”
g~ ', with pore volume no larger than 0.45 cm® g~ . Thus even after
activation at up to 900 °C, the activated carbons derived from the
non-templated carbon aerogel generally had lower surface area
and pore volume compared to the metal salt templated carbon
aerogels (Table 2). The pores of the activated CAMF carbons
(Fig. 3) are mainly in the micropore and lower mesopore range,
while metal salt templated carbons, in addition to micropores,
also possess much larger mesopores (Fig. 2). This observations
rather illustrates the attraction of the metal salt templating
method.

On the other hand, activation of a templated carbon aerogel
(e.g:, Ca-CAMF800) leads to a significant increase in porosity
(Table S1 and Fig. S1, ESIf); according to nitrogen sorption
isotherms (Fig. S1, ESIf), activation at 600 °C leads to a modest
increase in nitrogen adsorption at lower relative pressure (P/Po)
and an apparent loss of the large pores present in Ca-CAMF800 to
generate a carbon with a type I isotherm suggesting a highly
microporous nature, while activation at 800 °C results in an
increase in both the microporosity and mesoporosity. The PSD of
the activated templated carbon aerogels (Fig. S1, ESIf) indicate that
activation at 600 °C removes the 10 nm pores present in the parent
Ca-CAMF800 carbon but retains the 1.2 and 3 nm pores. A similar
trend is observed for activation at 800 °C except that there is much
larger increase in the proportion of pores of size ca. 3 nm. Overall,
therefore the activation of the CaCl,-templated carbon aerogels
shifts the porosity towards smaller pores. The activated templated

This journal is © The Royal Society of Chemistry 2013

carbon aerogels have high surface area of up to 3343 m*> g™ *
representing an increase of >200% over the parent Ca-CAMF800
aerogel (Table S1, ESIf). The pore volume reduces for the sample
activated at 600 °C, which is consistent with the shift to
microporosity as discussed above, and then increases for the
sample activated at 800 °C to reach the extraordinarily large value
of 2.65 cm® ¢~ '(Table S1, ESIf).
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Fig. 3 Nitrogen sorption isotherms (Top) and pore size distribution (PSD) curves for
non-templated carbon aerogel (CAMF) before (inset) and after activation (12AC-
CAMFX, where X is activation temperature) at KOH/carbon ratio = 2.
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It is noteworthy that the sample activated at 600 °C is highly
microporous with ca. 85% (i.e. 1272 m* g~ ') of the total surface
area (i.e. 1504 m* g~ ") arising from micropores. The proportion of
micropore surface area decreases to 24% after activation at 800 °C.
Likewise the proportion of micropore volume decreases with
increase in activation temperature from 72% at 600 °C to 14% at
800 °C. Thus, where necessary, templating may be combined with
activation to further modify or optimise (with respect to surface
area, microporosity or mesoporosity) the textural properties of the
metal salttemplated carbon aerogels. To further clarify on the
general applicability of metal salts as porogens, we are currently
investigating a wide variety of metal salts. Early results indicate
that not all soluble metal salts can act as porogens; for example we
failed to generate porosity using ZnCl,.

The CO, uptake capacity of the CaCl,-templated carbon
aerogels was determined at ambient temperature and pressure
under flowing gas (pure CO,) conditions. Table 1 summaries the
CO, uptake of the carbons, which varies between 1.7 and 2.2
mmol g~ ". This is a significantly high uptake when considered
against the surface area of the carbons as indicated by the uptake
density of 1.7 to 2.7 umol m~>>"® The relatively similar uptake
despite the differences in textural properties indicates that the
pore size distribution, which is comparable for all three sample, is
likely an important variable in determining uptake. The CO,
uptake as a function of time (Fig. S2, ESIf) indicates that the rate of
uptake proceeds rapidly in the first few minutes and then
gradually slows to a smooth increase as it approaches equilibrium.
Maximum uptake is attained in ca. 50 min, which is comparable
to what has previously been observed for porous carbons under
similar conditions.’* On the other hand, the CO, uptake of the
activated non-templated carbon aerogels varied between 1 and 2
mmol g~ (Table 2 and Fig. $3, ESIt), which is generally lower than
that of the templated carbon aerogels. Thus in the present case,
metal salt templating generates materials with overall superior
properties for CO, uptake but via a much simpler and cheaper
route. The kinetics of CO, uptake is also rather faster for the
templated carbon aerogels compared to the activated non-
templated carbons (Fig. S2 and S3, ESIf). These observations
illustrate the potential of metal salt templating as an alternative to
activation in generating carbon aerogels. Activation of the CaCl,-
templated carbon aerogel Ca-CAMF800, at 600 and 800 °C
improves the CO, uptake capacity only slightly from 2.2 mmol
g~ to 2.5 and 2.6 mmol g~ ', respectively (Table S1, ESIt). It is
however, clear that the increase in CO, uptake is proportionately
lower than the rise in surface area after activation because most of
the porosity generated during activation of the templated carbons
is in the mesopore range and thus not efficient for CO,
uptake.*">'® The activated CaCl,-templated carbons that have
much higher surface may be more interesting for applications in
hydrogen storage or as electrode materials for supercapacitors,
which widens the potential appeal of the present carbon
aerogels."”

In conclusion, we have demonstrated the successful metal salt-
templated preparation of carbon aerogels via a simple subcritical
drying route. The metal salt (CaCl,) templating method offers an
alternative to activation, especially where carbon aerogels with
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moderate surface area and pore volume are required.
Furthermore, the templated carbon aerogels are amenable to
activation to generate very high surface area carbons.
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