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the most effective one.

SBA-15 carbon replicas were synthesized with a sucrose solution as carbon source, carrying out
carbonization at two different temperatures (800 and 1000 °C). Carbon pyrolised at 800 °C showed higher
BET surface area and was chosen for further post-synthesis activation treatments (physical via CO, or
chemical via KOH), with the aim of improving hydrogen adsorption capacity. For comparison, an
amorphous carbon was also synthesized, by direct carbonization of the carbon source, without any
inorganic template: on this material a chemical activation was also performed. H, adsorption isotherms
at the temperature of liquid nitrogen and sub-atmospheric pressure were measured. A linear correlation
was found between hydrogen uptake and microporous volume of the different carbons, rather than with
BET specific surface area. Surprisingly, the sample prepared in the absence of inorganic template resulted

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Storage of hydrogen, the ideal energy vector for replacing fossil
fuels, is a challenge for material science [1]. The currently
considered methods, i.e. liquid hydrogen; compressed gaseous
hydrogen; hydrogen chemical storage in atomic form (as with
metal hydrides) and hydrogen physisorption, present intrinsic
limitations and technological problems, and yield results well
below the ambitious goal of Department of Energy (DoE) of the
United States, 6.5 wt.% at ambient temperature and pressure to be
achieved by 2010 [2]. As far as physisorption is concerned,
materials are envisaged interacting only weakly with molecular
hydrogen [1], but characterized by a small specific weight and a
huge specific surface area. Because of a lower specific weight,
activated or nanostructured carbons and carbon nanotubes (CNTs)
are systems of choice, for instance with respect to some other
nanoporous materials, like zeolites [3], characterized by different
pore architecture and chemical composition. With several porous
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solids, a linear correlation occurs between hydrogen uptake and
specific surface area [4-15].

Heat of adsorption plays a crucial role: Bhatia and Myers [16]
have shown that, for ambient temperature storage and delivery in
the 30-1.5 bar pressure range, the optimum value for adsorption
enthalpy change is about —5 k] mol~!. With carbons, an average
enthalpy change of —5.8 kj mol~! is usually found and, conse-
quently, an optimum operating temperature of 115K may be
predicted [16]. The same authors have also shown that, though
changing pore shapes and adsorption temperatures, the highest
enthalpy of adsorption of hydrogen is always found on carbons
having a pore diameter in the range between 7.5 and 6.5 A. For
these reasons, carbons with high-surface area, but especially with a
narrow micropore size distribution and an average pore diameter
of ca. 7 A should be eligible candidates for hydrogen physisorption.

Activated carbons, usually obtained by thermal treatment of
low-cost materials, like coal or bitumen, suffer from several
drawbacks, e.g. a wide and poorly controlled distribution of pore
size and the presence of sulphur and metal impurities in the
precursor.

Carbons characterized by a tailored porous structure could be
therefore attractive not only in the field of gas storage media, but
also for the development of advanced separation systems and in
heterogeneous catalysis. The synthesis of ordered meso- and
microporous carbons involves the use of mesoporous silica or
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zeolites as a template [17-25]. The procedure consists in the
infiltration of the inorganic template with an appropriate carbon
source, followed by carbonization of the precursor and subsequent
removal of the inorganic template with an HF solution.

Depending on the type of inorganic template, carbons with
different structures and pore sizes may be prepared: this work
reports on the synthesis and modification of carbon replicas of
SBA-15 mesoporous silica. The effect of both pyrolysis temperature
and post-synthesis treatments have been investigated. Two
classical methods were applied as post-synthesis modifications,
i.e. a treatment in CO, flow (physical activation) and a treatment
with KOH (chemical activation). In order to elucidate the role of
microporosity, a disordered microporous carbon has also been
prepared, by carbonization of the same carbon precursor (an acidic
aqueous solution of sucrose) in the absence of inorganic template,
and by activating the obtained product with KOH.

Hydrogen adsorption on these materials was studied at the
temperature of liquid nitrogen and sub-atmospheric pressures,
since previously reported results [26,27] were collected on similar
materials in the same conditions.

2. Experimental
2.1. Materials

SBA-15 silica was prepared, following Zhao et al. [28], by using a
non-ionic oligomeric alkyl-ethylene oxide surfactant (Pluronic
123) as structure directing agent. After template removal by
calcination at 500 °C in flowing air, this mesoporous silica was
impregnated with an acidic solution of sucrose, according to Ref.
[18]. Carbonization was performed by heating in a tubular furnace
under N, flow at 800 and at 1000 °C (heating rate 2 °C min™'),
obtaining the samples termed C-800 and C-1000, respectively.
Finally, silica was removed by leaching with an aqueous solution of
HF (5 wt.%).

With C-800 sample, which showed better textural properties
than C-1000, further post-synthesis activations were performed:
(i) physical activation (sample C-Phys) and (ii) chemical activation
(sample C-Chem):

(i) 1 g of C-800 was heated at 800 °C under N flow, then gas flow
was switched to CO,. After 1 h, the sample was cooled to r.t.
under nitrogen flow. In the literature [29], this type of
treatment is generally indicated as “physical activation”, even
if it probably involves a gasification reaction between carbon
and carbon dioxide.

(ii) 1 g of C-800 was mixed with water and KOH (carbon/KOH
weight ratio 1/1). After drying, the mixture was treated at
800 °C for 1 h, under nitrogen flow. Finally, it was washed with
0.1 M HCI and hot bi-distilled water, in order to remove excess
KOH, and dried.

A disordered porous carbon (sample CS128) was prepared by
carbonization of the acidic solution of sucrose, used to produce C-
800 and C-1000 carbons, at 150 °C; the product was then mixed
with a KOH aqueous solution (carbon/KOH weight ratio 1/2) and
dried overnight at 100 °C; the resulting mixture was treated at
800 °C under nitrogen flow, washed with 0.1 M HCI and hot bi-
distilled water and dried.

2.2. Characterization methods
X-rays diffraction (XRD) patterns were collected on a X'Pert

Phillips diffractomer using Cu Ko radiation, in the following
conditions: range =(0.8-4)20; step width 20=0.02; time per
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Fig. 1. Low-angle XRD patterns of parent SBA-15 (curve 1) and of C-800, C-1000, C-
Phys and C-Chem carbon replicas (curves 2, 3, 4 and 5, respectively).

step = 10 s. Brunauer-Emmet-Teller (BET) surface area measure-
ment and pore size analysis were carried out on powders
previously outgassed at 250 °C, by N, sorption at 77K on a
Quantachrome Autosorbe 1C instrument. Microporous volumes
were calculated according to the t-plot method; the Barrett-
Joyner-Halenda (BJH) method was used to determine average
mesopore diameter.

Field-emission scanning electron microscopy (FESEM) pictures
were collected on a high-resolution FE-SEM instrument (LEO 1525)
equipped with a Gemini field emission column; with the same
instrument, the possible occurrence of residual potassium was
checked by energy dispersive X-rays (EDX) analysis.
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Fig. 2. N, adsorption/desorption isotherms at —196 °C on C-800 (diamonds), C-1000
(triangles), C-Phys (circles), C-Chem (squares) and CS128 (pentagons).
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Table 1

Textural properties of parent SBA-15 silica and of carbon materials, as determined by combined XRD and N, adsorption at —196 °C

Material Sger (m2 g™ 1) BJH?, mesopores NL-DFT®, mesopores Viot (cm> g71) t-Plot Viicro Lattice .
diameter (A) diameter (A) (em>g™ 1) parameter a (A)°

SBA-15 770 70 - 0.80 0.06 108

C-800 1000 30 29-33 0.75 0.09 98

C-1000 520 38 38 0.50 0.04 99

C-Phys 1440 36 36 1.00 0.22 98

C-Chem 1200 - - 0.58 0.44 -

CS128 1520 - - 0.78 0.60 -

2 As evaluated from the adsorption branch, the BJH algorithm having been followed.

b As determined by the NL-DFT method.
¢ Lattice parameters were calculated according to the formula 2(372)d; ¢ 0.

Hydrogen adsorption isotherms at the temperature of liquid
nitrogen (—196 °C) and sub-atmospheric pressure were measured
on powders (about 50 mg) previously outgassed at 250°C
(Quantachrome Autosorb 1C), the estimated accuracy of measured
volumes being +1 cm® g, Each isotherm was performed twice, in
order to check reproducibility.

3. Results and discussion
3.1. Textural properties

Fig. 1 reports low-angle XRD patterns of parent SBA-15 silica
(curve 1) and samples C-800, C-1000, C-Phys and C-Chem (curves
2-5). Low-angle XRD patterns of CS128 are not reported, since no
structural order is expected for this sample.

For SBA-15, three well-resolved peaks are observed, corre-
sponding to (1 00), (11 0) and (2 0 0) reflections typical of the 2D
hexagonal space group p6mm. The corresponding cell parameter, a,
as calculated from the (1 0 0) reflection according to the relation
a=23""%d; ¢ o, was 108 A.

For C-800 and C-1000 samples, the main diffraction peak is
maintained, indicating that rather ordered mesoporous materials

with hexagonal structures were obtained. The expected loss of
long-range order, as observed by the disappearing of reflections at
higher 20 values, is limited. With respect to parent silica, a shift of
d; ¢ o peak towards higher 260 values is observed, in agreement with
the literature [17,18]: the observed decrease of the corresponding
lattice parameter to 98-100A (Table 1) is probably due to
shrinkage of the silica template framework during carbonization
[30].

For C-Phys, the d; o o peak is also maintained, indicating that the
hexagonal structural order is preserved, whereas in C-Chem the
structural order was completely lost.

Fig. 2 reports N, adsorption-desorption isotherms at —196 °C.
By subtracting BJH pore size from cell parameter values (Table 1),
the silica wall thickness was calculated to be about 38 A, in
agreement with literature data [31]: this value is close to the
mesopore diameter of the obtained carbons, showing that replicas
of the silica template were actually attained.

The C-800 sample has a high-BET surface area (1000 m? g~ '), a
BJH pore diameter of 30A and a microporous volume of
0.09cm®g~!. Upon increasing carbonization temperature, an
increase in mesopores diameter is observed, probably due to a
higher volume contraction of carbon precursor at higher tem-

Mag = 1600 K X

Fig. 3. FESEM pictures of C-800 (a), C-Phys (b), C-Chem (c), CS128 (d) and parent SBA-15 (inset to (a)).
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Fig. 4. Hydrogen adsorption isotherms at —196 °C on C-800 (diamonds), C-1000
(triangles), C-Phys (circles), C-Chem (squares) and CS128 (pentagons).

peratures. For C-1000, a decrease of BET surface area (520 m? g~ ')
and microporous volume (0.04cm®g~') is observed. A higher
volume contraction of the carbon precursor along with an
increased degree of graphitization at 1000 °C probably contribute
to such changes in textural properties [32-34].

The C-Phys sample still exhibits a Type IV isotherm, with a more
pronounced hysteresis loop with respect to parent C-800. The
heat-treatment with CO, caused an increase in BET surface area to
1440 m? g, in total pore volume and in micropore volume (now
1.0 and 0.22 cm® g~ !, respectively). For C-Chem, a Type I isotherm
is observed, typical of microporous systems: the total pore volume
is basically due to micropores (0.44 cm® g~! against 0.58 cm® g~ !).
As to mesopores, activation with CO, leads to an increase in
average mesopore diameter (36 A), while treatment with KOH
brings about (i) the disappearance of mesopores and (ii) an
increase of BET surface area and microporous volume. Most
probably, these two effects are due, respectively, to (i) KOH
leaching of carbon spacers connecting carbon nanorods, with
consequent collapse of the ordered structure, and (ii) to chemical
attack of nanorods by KOH in such a way that microchannels are
formed perpendicularly to nanorods, leading to increased micro-
porosity.

CS128 has the highest BET surface area (1520m?g~!),
exhibiting, as C-Chem, a Type I isotherm: its total pore volume
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is mainly due to micropores (0.60 cm® g~! against 0.78 cm3 g~ 1).
This result indicates that KOH attack is probably the main
responsible for micropores formation. It must be pointed out that
EDX analysis measured a residual potassium amount of about 2.7%
by weight, in contrast with C-Chem sample where no potassium
was found.

Fig. 3 reports FESEM pictures of prepared materials. The rope-
like morphology of parent SBA-15 (inset to Fig. 3a) is observed for
all carbon replicas (Fig. 3a-c), but C-Chem (Fig. 3c), carbon
particles appear to be rather “frayed” by KOH leaching. Interest-
ingly, CS128 shows a sponge-like structure of particles having
irregular morphology (Fig. 3d).

3.2. Hydrogen adsorption isotherms at the temperature of liquid
nitrogen

Fig. 4 reports hydrogen adsorption isotherms at —196 °C, in the
1-700 mmHg pressure range. With all carbons, hydrogen adsorp-
tion resulted to be completely reversible, with no hysteresis
phenomena. In the adopted experimental conditions, the following
order in H, uptake was observed: CS128 > C-Chem > C-Phys > C-
800 > C-1000. The highest uptake was shown by CS128, with an
adsorbed hydrogen volume of 258 cm? g~!, corresponding to an
overall uptake of 2.4% by weight.

Adsorbed volumes of hydrogen at 700 mmHg and —196 °C are
plotted as a function of samples BET surface areas (Fig. 5a) and
microporous volumes (Fig. 5b). In the former case, the regular
trend reported repeatedly in the literature for different porous
systems [1,35-38] is not observed. In the latter case, instead, a
linear correlation is observed for all samples, which definitely
points out to the crucial role of microporosity in H, adsorption, as
previously proposed for several ordered porous carbons [27,39,40],
activated carbons and activated carbon fibres [41]. Question may
arise whether residual potassium may affect H, physisorption on
CS128, especially by considering previous works on high-H,
uptake by alkali-doped CNTs obtained by solid-state reactions with
salts [6,42]: it must be pointed out that in the latter case,
potassium was shown to favour the dissociation of hydrogen,
which further reacts with CNTs, giving rise to a partially
irreversible chemical storage of hydrogen in different experi-
mental conditions (i.e. higher temperature) [6]. In the present case,
H, adsorption was completely reversible, as checked by perform-
ing two adsorption/desorption cycles. Should potassium favour H,
physisorption, one would expect a higher H, uptake than that
obtained on account of the increased micropore volume.
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Fig. 5. Volumes of adsorbed H; (at —196 °C and 700 mmHg) reported as a function of samples BET specific surface areas (a); correlation among adsorbed volumes of H, and

microporous volumes of carbons, as evaluated by the t-plot method (b).
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Fig. 6. Pore size distribution (PSD), as calculated by the NL-DFT method, for C-800
(diamonds), C-1000 (triangles), C-Phys (circles), C-Chem (squares) and CS128
(pentagons).

For a detailed study of porosity of the obtained carbons,
volumetric data obtained from N, adsorption isotherms at —196 °C
were analyzed by using the NL-DFT method, by applying the kernel
for N, adsorption at —196 °C on carbon having slit shaped pores.
Corresponding pore size distributions (PSD) are reported in Fig. 6
the obtained mesopore size values are in good agreement with
those calculated by the BJH method (see Table 1 for comparison).
Fig. 6 clearly shows that the main effect of carbonization
temperature on PSD is the disappearance of narrow micropores
in the C-1000 sample. As to the influence of post-synthesis
treatment on PSD, two effects may be pointed out: (i) the
disappearance of mesoporosity for sample C-Chem and (ii) a
progressive increase in the population of 7 A micropores when
passing from C-800, to C-Phys and C-Chem. Such narrow
micropores are even more abundant in CS128, the sample giving
the best results in terms of hydrogen uptake, and could therefore
be the main actors in the hydrogen adsorption process.

4. Conclusions

The results reported in the present paper show that the classical
post-synthesis treatment of carbons with either carbon dioxide
(“physical”) or KOH (“chemical”) have a deep effect also on SBA-15
carbon replicas. The structural order is preserved after physical
activation, but not after chemical treatment. With respect to the
pristine carbon replica, higher BET surface areas and microporous
volumes were measured in both cases; in particular, chemical
activation resulted to be very effective in the formation of highly
microporous carbon. However, a disordered carbon sample,
prepared without template and further activated with KOH,
showed both the highest BET surface area and the highest
microporous volume.

For the SBA-15 carbon replicas, hydrogen uptake at —196 °C
was found to be in the order: C-Chem > C-Phys > C-800 > C-1000.

However, the highest hydrogen uptake was shown by a micro-
porous carbon sample (CS128) obtained without template; this
sample was found to adsorb a volume of 258 cm? of hydrogen per
gram of carbon, which corresponds to ~2.4 wt.%.

A linear correlation between hydrogen adsorption capacity and
micropore volume was found for all samples, so confirming that
micropores play a crucial role in hydrogen adsorption on this type
of materials, in particular as far as narrow micropores with 7 A
diameter are concerned.
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