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Exceptional gravimetric and volumetric hydrogen
storage for densified zeolite templated carbons
with high mechanical stability†

Eric Masika and Robert Mokaya*

Zeolite templating successfully generates carbons with high surface area and pore volume of ca.

3300 m2 g�1 and 1.6 cm3 g�1, respectively. The templated carbons have an exceptional gravimetric

hydrogen uptake of 7.3 wt% at 20 bar and �196 �C, and a projected maximum of ca. 9.2 wt%. These

hydrogen uptake values are the highest ever recorded for carbon materials. The zeolite templated

carbons have excellent mechanical stability and when compacted at a load of 10 tons (740 MPa)

undergo densification to a packing density of ca. 0.72 g cm�3 but with hardly any loss in porosity

(surface area and pore volume are little changed at ca. 3000 m2 g�1 and 1.4 cm3 g�1) or gravimetric

hydrogen uptake capacity, which remains high at 7.0 wt% at 20 bar and a projected maximum of ca.

8.8 wt%. The effects of densification (i.e., increased packing density) coupled with hardly any loss in

porosity or hydrogen uptake means that the densified zeolite templated carbons achieve an exceptional

and unprecedented volumetric hydrogen uptake of 50 g l�1 at �196 �C and 20 bar, and an estimated

maximum of up to 63 g l�1 at higher pressure.
Broader context

As part of the anticipated Hydrogen Economy, there are on-going intensive research efforts aimed at nding materials suitable for on-board hydrogen storage.
The likely success of storage materials is measured against gravimetric and volumetric uptake targets set at levels that may allow commercial and practical
viability. However, the volumetric hydrogen uptake of porous materials is related to packing density, yet high surface area materials that are likely to have large
gravimetric hydrogen uptake tend to have low density and therefore low volumetric uptake. To address this conundrum, we present ndings on high surface
area zeolite templated carbons (ZTCs) that have excellent mechanical stability and which, when compacted undergo densication to a packing density of ca. 0.72
g cm�3 but with hardly any loss in porosity (surface area and pore volume are maintained at ca. 3000 m2 g�1 and 1.4 cm3 g�1) or gravimetric hydrogen uptake,
which remains high at 7.0 wt% at 20 bar and �196 �C. The densied ZTCs possess a combination of packing density, textural properties and hydrogen uptake
hitherto not achieved in any porous material. The densied ZTCs achieve an exceptional and unprecedented volumetric hydrogen uptake of 50 g l�1 at 20 bar,
and an estimated maximum of up to 63 g l�1 at higher pressure.
Introduction

There are currently considerable research efforts aimed at
developing materials that would allow the use of energy gener-
ation processes that do not emit greenhouse gases. A key target
is the development of materials for efficient and effective energy
supply and storage. In this respect, hydrogen has long been
considered as a suitable fuel for both the transportation and
power industry within the context of the Hydrogen Economy.
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However, technological barriers related to hydrogen production
and in particular storage stand in the way of the use of hydrogen
as an energy source.1 Technological barriers with respect to
storage are due to a lack of suitable materials that can efficiently
capture, store and release hydrogen under appropriate condi-
tions.1 A variety of porous solid state materials are currently
under investigation for hydrogen storage including zeolites,2

metal–organic frameworks (MOFs),3,4 and porous carbons
(carbon nanotubes, carbon bers, nanoporous carbons).5–7 In
particular, high surface area porous carbons are increasingly
being seen as attractive hydrogen stores.8–12 Recently, there have
been encouraging reports of porous carbons that exhibit high
gravimetric hydrogen uptake at 20 bar and�196 �C, including (i)
zeolite templated carbons nanocast using zeolite beta as
template that can store up to 6.9 wt%,9 (ii) doubly activated
carbon with uptake of 7.08 wt%,10 and (iii) ultrahigh surface area
polypyrrole-based activated carbons with uptake capacity of
7.03 wt%.11 Thus, to date, activation (chemical or physical) of
Energy Environ. Sci., 2014, 7, 427–434 | 427
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carbon precursors, zeolite templating and chlorination of metal
carbides to generate carbide-derived carbons have proved to be
the most effective methods for preparing carbons with attractive
properties for hydrogen storage,5–18 with zeolite templating
proving to be very successful in controlling the porosity of
carbons towards the preferred pore size range known to be best
suited for hydrogen adsorption.12–18

Research in materials for hydrogen storage for on-board
hydrogen storage systems is geared towards achieving various
targets set at levels that would allow commercial and practical
viability. Targets that are oen quoted are those set by the
United States Department of Energy (DOE); the most recent
targets for 2017 are a system gravimetric uptake capacity of
5.5 wt% and volumetric uptake capacity of 40 g l�1.19 The DOE
also gives ultimate targets as a system gravimetric uptake
capacity of 7.5 wt% and volumetric uptake capacity of 70 g l�1.19

Thus although most reports to date emphasise the gravimetric
hydrogen uptake of materials, it is clear that volumetric capacity
is equally if not even more important. The volumetric hydrogen
uptake of a porous solid state material is related to its packing
density. Most porous materials by their nature tend to have low
density and therefore, despite attractive gravimetric hydrogen
uptake, have low volumetric uptake.3–6 The volumetric hydrogen
uptake of porous materials can potentially be improved by
densication or compaction. However, such densication
generally comes at the expense of surface area of the material,
which rather negates any gains since the hydrogen uptake is
dependent on surface area.7–18 Recently, there have been studies
that have considered the compaction behaviour of activated
carbons and metal–organic frameworks and its effect on
hydrogen uptake.20 In general, whilst activated carbons exhibit
good mechanical stability and are amenable to compaction,
MOFs, on the other hand, tend to collapse and lose their
porosity even at low compaction pressures.20,21

There is renewed interest in the potential of densication as
a means of improving the hydrogen volumetric uptake capacity
of low density porous materials such as carbons. High surface
area activated carbons compacted at 40 MPa have been shown
to have a packing density of 0.4–0.5 g l�1 and a volumetric
hydrogen uptake of ca. 20 g l�1 at�196 �C and 40 bar.20 Linares-
Solano and co-workers recently reported that activated carbon
monoliths with a high packing density of 0.7 g cm�3 and good
micropore volume can achieve a total volumetric hydrogen
uptake capacity of ca. 39 g l�1 at �196 �C and 44 bar, which is
amongst the highest values reported so far based on measured
packing density of materials, while Zhou and co-workers
observed a similar volumetric hydrogen uptake capacity of
41 g l�1 at �196 �C and 60 bar for compacted activated carbon
with a packing density of 0.72 g cm�3.22 Under similar condi-
tions, the metal–organic framework, MOF-5, achieves an uptake
of ca. 16 g l�1 due to a low packing density. A similar lowly
volumetric hydrogen uptake of 15 g l�1 at �196 �C and 40 bar
has been reported by Mueller and co-workers for MOF-5.23 The
possibility of densication illustrates the potential advantages
of porous materials as stores with high volumetric hydrogen
uptake. The volumetric hydrogen uptake of MOFs may be
improved by densication, which however occurs at the expense
428 | Energy Environ. Sci., 2014, 7, 427–434
of gravimetric uptake due to the loss of pore volume and surface
area.24–26 Chahine and co-workers achieved an uptake of 38 g l�1

at 50 bar (48 g l�1 at 130 bar) and �196 �C for densied MOF-
177,24 while Muller and co-workers attained a similar uptake of
38 g l�1 at 50 bar (43 g l�1 at 80 bar) and �196 �C for densied
MOF-5.25 In a related study Siegel and co-workers obtained an
uptake of 38 g l�1 at 50 bar (43 g l�1 at 100 bar) and �196 �C for
densied MOF-5.26 Elsewhere, monolithic forms of carbide-
derived carbons with a volumetric hydrogen uptake of 35 g l�1 at
�196 �C and 60 bar have been prepared via chlorination of fully-
dense ceramic titanium carbide plates,27 and binders in
combination with powdered carbide-derived carbons may also
be used to generate carbon peels with a total volumetric
hydrogen uptake of 29 g l�1 at �196 �C and 40 bar.28

On the other hand, Kyotani and co-workers performed
densication of zeolite Y-templated microporous carbons via
hot-pressing at 300 �C and 147 MPa to achieve a packing density
of 0.7–0.9 g cm�3. They observed that commercially available
KOH-activated carbons did not undergo such densication
when hot-pressed under similar conditions, and attributed the
densication behaviour of the templated carbons to their
unique molecular structure.29 It is now recognised that the
molecular structure of zeolite templated carbons is quite
different from that of activated carbons and is considered to be
made up of buckybowl-like nanographenes assembled into a
three-dimensionally regular network.30 Given the unique
molecular structure of zeolite-templated carbons, theoretical
simulations have suggested that they may achieve a volumetric
hydrogen uptake of 50 g l�1 at �196 �C and 50 bar.31 It is
therefore highly desirable to explore the possible densication
of zeolite templated carbons at high compaction pressures and
to investigate any effects such compaction may have on
hydrogen uptake. This is particularly important given that, as
described above, previous experimental attempts at densica-
tion have so far only achieved a volumetric hydrogen uptake of
no more than 40 g l�1 at 50 bar and �196 �C.20–29 Indeed,
although it is known that other high surface area materials such
as MOFs (i.e., MOF-5) are signicantly altered irreversibly aer
compaction at 180 MPa, while ZIFs are stable only up to
340 MPa, and activated carbons with moderate surface area can
withstand compaction pressure of up to 420 MPa,21 there are no
data on the mechanical stability of zeolite-templated carbons.
Recently, theoretical simulations have predicted that zeolite-
templated carbons, despite their high porosity, have a bulk
modulus (ca. 100 GPa) that is much higher than that of
nonporous minerals such as quartz (ca. 60 GPa).32 We report
here on the mechanical properties of high surface area zeolite
templated carbons and the consequences of compaction on
porosity, densication and both gravimetric and volumetric
hydrogen uptake.

Experimental section
Material synthesis

The zeolite-templated carbons were prepared as follows; 0.6 g
zeolite 13X was dried in the furnace at 300 �C for 12 h before
being impregnated, via the incipient wetness method, with
This journal is © The Royal Society of Chemistry 2014
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furfural alcohol (FA). The resulting FA/zeolite composite in an
alumina boat was placed in a ow through tube furnace and
heated under argon ow at 80 �C for 24 h followed by further
heating at 150 �C for 8 h. In order to allow the carbonisation of
polymerised furfural alcohol (polyfurfuryl alcohol), the
temperature was raised at a ramp rate of 5 �C min�1 to 700 �C
and held for 3 h under Ar ow. The resulting zeolite/carbon
composite was then exposed to ethylene gas (10% in argon by
volume) at 700 �C for 3 h. The gas ow was then switched to Ar
ow only and the temperature raised to 900 �C and held for 3 h
followed by cooling under Ar to room temperature. The result-
ing zeolite/carbon composite was washed in 10% HF for 24 h
and then reuxed in concentrated HCl for 6 h. The nal carbon
material, designated as ZTC-5 was washed with deionised water
and dried at 120 �C for 12 h. A second sample, designated as
ZTC-15 was prepared as described above except that a heating
ramp rate of 15 �C min�1 was used.

To effect densication, ca. 35 mg of zeolite-templated carbon
was compacted for 10 min at loads of 5 or 10 tons on a 1.3 cm
diameter die, equivalent to compaction pressure of 370 MPa
and 740 MPa, respectively. The densied samples were denoted
as Cx-ZTC-y, where x is the compaction load (5 or 10 tons) and y
is the ramp rate (5 or 15).

Materials characterisation

Powder XRD analysis was performed on a Bruker D8 Advance
powder diffractometer using CuKa radiation (l ¼ 1.5406 Å) and
operating at 40 kV and 40 mA, with 0.02� step size and 2 s step
time. For porosity analysis, each sample was pre-dried in an
oven and then degassed overnight at 200 �C under high
vacuum. The textural properties were determined by nitrogen
sorption at �196 �C using a Micromeritics ASAP 2020 volu-
metric sorptometer. The surface area was calculated by using
the BET method applied to adsorption data in the relative
pressure (P/Po) range of 0.06–0.22. The total pore volume was
determined from the amount of nitrogen adsorbed at P/Po ¼
0.99. The pore size distribution was determined by a non-local
density functional theory (NLDFT) method using nitrogen
adsorption data.

Hydrogen uptake measurements

Hydrogen uptake capacity of the carbons was measured by
gravimetric analysis with an Intelligent Gravimetric Analyser,
IGA, (Hiden) using 99.9999% purity hydrogen additionally
puried by a molecular sieve lter. Prior to analysis, the carbon
samples were dried in an oven for 24 h at 80 �C overnight and
then placed in the analysis chamber and degassed at 200 �C and
10�10 bar for 4–6 h. The hydrogen uptake measurements were
typically performed at �196 �C (in a liquid nitrogen bath) over
the pressure range 0 to 20 bar. The uptake data were corrected
for the buoyancy of the system and samples. The hydrogen
uptake was calculated on the basis of a skeletal density of 1.5 g
cm�3 for the carbons, and 0.04 g cm�3 for the adsorbed
hydrogen. The skeletal density of the carbons was determined
from helium sorption data obtained using the IGA at a pressure
of up to 20 bar at 0 �C. We compared our hydrogen uptake data
This journal is © The Royal Society of Chemistry 2014
(from the IGA) to measurements obtained using a Sievert’s
apparatus (PCT-Pro 2000) with high purity hydrogen (performed
at General Motors, Warren, Michigan). This allowed verication
of the IGA hydrogen uptake measurements.
Results and discussion
Material properties

The powder XRD patterns of the templated carbons indicate a
reasonably high level of zeolite-like ordering (Fig. S1, ESI†) as
evidenced by a sharp peak, similar to that present in zeolite 13X,
at 2q ¼ 6.3� corresponding to d-spacing of ca. 1.4 nm, which is
comparable to that of zeolite 13X (d-spacing ¼ 1.4 nm).9,12,14,34,35

The XRD patterns of the zeolite/carbon composite forerunner of
sample ZTC-5 (Fig. S1, ESI†) exhibit some sharp peaks ascrib-
able to the zeolite 13X template, which means that the zeolite
framework is not destroyed during the carbonisation process
and thus can facilitate replication of the zeolite structure to the
carbons. The heating ramp rate had little effect on the zeolite-
like ordering of the carbons (Fig. S1, ESI†) but exerts some
inuence on the nature of the carbon; a broad peak at 2q ¼ 43�,
which is ascribable to graphitic domains,36,37 is slightly more
prominent for sample ZTC-15 prepared at higher heating ramp
rate, while for ZTC-5 the peak is virtually absent. Nitrogen
sorption isotherms and corresponding pore size distribution
curves (Fig. S2, ESI†) indicate that the zeolite templated carbons
are mainly microporous.34–38 The nitrogen sorption isotherms of
the carbons are typically type I, with a high nitrogen uptake in
the low relative pressure domain (P/Po < 0.01), and are consis-
tent with data previously reported for zeolite templated carbons
that exhibit signicant levels of zeolite-like structural
ordering.9,14,18 The templated carbons have unimodal pore size
distribution centred at 1.2 nm (Fig. S2, ESI†), which agrees with
previous studies that have shown that zeolite templated carbons
with higher levels of zeolite-like ordering do not possess a
signicant proportion of pores larger than 1.5 nm.9,14,18 As
summarised in Table 1, carbon ZTC-5 and ZTC-15 possess a
high surface area of 3332 m2 g�1 and 3169 m2 g�1, respectively,
and a large pore volume of 1.66 and 1.55 cm3 g�1, respectively.
The high surface area of the templated carbons may be attrib-
uted to the unique molecular structure of pore ordered nano-
graphene sheets with defects and associated edge structures as
described by recent theoretical studies.30–33 Sample ZTC-5 has
slightly higher textural properties, which is consistent with the
XRD patterns (Fig. S1, ESI†) that indicate lower levels of tur-
bostratic/graphitic character. Noteworthy for both templated
carbons is the high proportion of surface area (88%) and pore
volume (ca. 75%) that arises from micropores. The templated
carbons are clearly well ordered with high surface area and are
therefore good starting points for densication. The carbons
were found to have a surface area per unit volume (m2 cm�3) of
ca. 1430 m2 cm�3 based on a bulk density of 0.43 g cm�3 and
0.45 g cm�3 for ZTC-5 and ZTC-15, respectively. The bulk
density (rd) was calculated aer compacting the templated
carbons under a mild load of 1 ton for 10 min in a 1.3 cm die
(equivalent to 74 MPa). Alternatively relatively similar values
Energy Environ. Sci., 2014, 7, 427–434 | 429
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Table 1 Textural properties and hydrogen uptake of zeolite-templated carbons

Sample Surface areaa (m2 g�1) Pore volumeb (cm3 g�1) V/Sc m2 cm�3 Pore sized (nm)

H2 uptake at 20
bare

Maximum H2

uptakef

(wt%) g l�1 (wt%) g l�1

ZTC-5 3332 (2837) 1.66 (1.18) 1434 1.2 7.3 31.4 9.2 39.6
C5-ZTC-5 3292 (2840) 1.64 (1.16) 2272 0.6/1.2 7.2 49.7 9.0 62.1
C10-ZTC-5 3041 (2523) 1.41 (0.97) 2190 0.6/1.2 7.0 50.4 8.8 63.4
ZTC-15 3169 (2760) 1.55 (1.15) 1426 1.2 6.2 28.0 7.9 35.6
C5-ZTC-15 3192 (2769) 1.60 (1.15) 2266 0.6/1.2 6.3 44.7 8.1 57.5
C10-ZTC-15 2782 (2430) 1.27 (0.91) 2059 0.6/1.2 5.9 43.7 7.5 55.5

a Values in the parenthesis are micropore surface area. b Values in the parenthesis are micropore volume. c Surface area per unit volume. d Maxima
of pore size distribution obtained using non-local density functional theory (NLDFT) analysis. e Measured total hydrogen uptake capacity at�196 �C
and 20 bar. f Estimated (using Langmuir plots) maximum hydrogen uptake.
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were obtained using the equation rd ¼ (1/rs + VT)
�1, where rs is

skeletal density and VT is total pore volume.
To achieve densication, the templated carbons were com-

pacted at a load of 5 tons (370 MPa) or 10 tons (740 MPa), i.e.,
5 and 10 ton load on a 1.3 cm diameter die. This compaction
pressure was much higher that any previously used to densify
carbons or related porous materials.20–29 We therefore rst
assessed the mechanical stability of the carbons by observing
their structural ordering aer compaction. Fig. 1 shows repre-
sentative XRD patterns of sample ZTC-15 before and aer
compaction. The XRD patterns do not change aer compaction;
the sharp peak, similar to that present in zeolite 13X, at 2q ¼
6.3� with d-spacing of ca. 1.4 nm is retained aer compaction.
This indicates excellent mechanical stability and shows that the
zeolite-like structural ordering of the zeolite templated carbon
can withstand mechanical pressure as high as 740 MPa for
10 min.

The more important property with respect to retention of gas
uptake capability is the porosity. Representative nitrogen
Fig. 1 Powder XRD patterns of sample ZTC-15 before and after
compaction at a load of 5 tons (C5-ZTC-15) and 10 tons (C10-ZTC-15).

430 | Energy Environ. Sci., 2014, 7, 427–434
sorption isotherms and corresponding pore size distribution
curves for sample ZTC-15 before and aer compaction are
shown in Fig. 2. Compaction at 370 MPa (sample C5-ZTC-15)
has virtually no effect on the isotherm, which indicates no
change in porosity. Aer compaction at 740 MPa (sample C10-
ZTC-15) there is still no change in the shape of the isotherm but
slightly lower overall nitrogen adsorption is observed. The pore
size distribution (PSD) curves clearly show that the pore size
remains unchanged aer compaction at both 370 and 740 MPa.
The nitrogen sorption isotherms and PSD curves of compacted
sample ZTC-5 exhibited similar trends to those observed in
Fig. 2. The textural properties summarised in Table 1 provide
further evidence of the mechanical stability of the zeolite tem-
plated carbons. Compaction at 370 MPa causes virtually no
change in the surface area and pore volume of both templated
carbons. The total and micropore component of the surface
area and pore volume of both samples remain unchanged
attesting to their remarkable mechanical stability. Compaction
at 370 MPa, however, caused signicant densication; the
packing density increased to 0.69 g cm�3 for C5-ZTC-5 and
0.71 g cm�3 for C5-ZTC-15. We note that in previous studies,20–29

densication of porous materials to a packing density of ca.
Fig. 2 Nitrogen sorption isotherms (A) and corresponding pore size
distribution curves (B) of zeolite templated carbon (ZTC-15) before and
after compaction at a load of 5 tons (C5-ZTC-15) and 10 tons (C10-
ZTC-15).

This journal is © The Royal Society of Chemistry 2014
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0.7 g cm�3 is accompanied by reduction of surface area to below
2000 m2 g�1 and typically ca. 1000 m2 g�1 or lower compared to
ca. 3200 m2 g�1 for the present zeolite-templated carbons. The
surface area per unit volume increased by 54% from ca. 1430 m2

cm�3 to ca. 2200 m2 cm�3 aer compaction at 370 MPa
(Table 1). It is remarkable that compaction at the much higher
pressure of 740 MPa caused only a small reduction in porosity
as shown in Fig. 2 and Table 1; the surface area of ZTC-5 and
ZTC-15 reduced by only 9% and 12% respectively, while the pore
volume was lowered by 15% and 18%. The proportion of
micropore surface area (ca. 85%) and pore volume (ca. 70%)
remained unchanged aer compaction at 740MPa. The packing
density increased to 0.72 g cm�3 for C10-ZTC-5 and 0.74 g cm�3

for C10-ZTC-15 yielding surface area per unit volume of ca.
2100 m2 cm�3.
Hydrogen uptake

The excess and total hydrogen uptake isotherms obtained for
the zeolite-templated carbons, ZTC-5 and ZTC-15, via gravi-
metric analysis at�196 �C and pressures up to 20 bar are shown
in Fig. 3A. The total hydrogen uptake at 20 bar and �196 �C is
summarised in Table 1. Sample ZTC-5, which has a higher
surface area and micropore surface area of 3332 and 2837 m2

g�1 respectively and pore volume of 1.66 cm3 g�1, exhibits a
total hydrogen uptake capacity of 7.3 wt% at 20 bar and�196 �C
compared to 6.2 wt% for ZTC-15. The excess hydrogen uptake
achieved at 20 bar is 6.3 wt% and 5.6 wt% for ZTC-5 and ZTC-15,
respectively. The present zeolite-templated carbons, and
particularly sample ZTC-5, exhibit hydrogen uptake higher than
most carbon materials reported so far. Indeed, an uptake of
7.3 wt%, at 20 bar and�196 �C is, as far as we know, the highest
ever recorded for any carbon material.5–11,14–17,39 This value is
higher than 6.9 wt% previously reported for a zeolite EMC-2
templated carbon,9 7.03 wt% for polypyrrole-derived activated
carbon11 and 7.08 wt% for a doubly activated carbon.10 Fig. 3B
shows both the excess and total volumetric hydrogen uptake
calculated on the basis of a packing/bulk density of 0.43 g cm�3

for ZTC-5 and 0.45 g cm�3 for ZTC-15. As shown in Fig. 3B, the
non-compacted ZTCs achieve a high excess volumetric
hydrogen uptake (at relatively low pressure of 20 bar and
�196 �C) of 27 g l�1 and 25.4 g l�1 for ZTC-5 and ZTC-15,
Fig. 3 Gravimetric (A) and volumetric (B) excess and total hydrogen
uptake isotherms at �196 �C of zeolite templated carbons ZTC-5 and
ZTC-15.

This journal is © The Royal Society of Chemistry 2014
respectively. As shown in Fig. 3B and summarised in Table 1,
the corresponding total volumetric hydrogen uptake, at 20 bar,
is 31.4 g l�1 and 28 g l�1 for ZTC-5 and ZTC-15, respectively.
Such an uptake, for the non-compacted ZTCs, is already much
higher than that observed for activated carbons and MOFs of
similar packing density.20–29

As described above, compaction (i.e., densication) of the
templated carbons signicantly increased their packing density,
which should be benecial for volumetric hydrogen uptake as
long as the densication process does not compromise gravi-
metric uptake. The total hydrogen uptake of the carbons aer
densication at a load of 5 tons (370 MPa) is given in Table 1. It
is remarkable that, in line with the trend in textural properties,
the gravimetric hydrogen uptake capacity aer compaction at
370 MPa is virtually unchanged at 7.2 wt% and 6.3 wt% for
C5-ZTC-5 and C5-ZTC-15, respectively compared to 7.3 wt% and
6.2 wt% before compaction. This means that the total volu-
metric hydrogen uptake (at 20 bar) rises to 49.7 g l�1 and 44.7 g
l�1 for C5-ZTC-5 and C5-ZTC-15, respectively. Such a volumetric
hydrogen uptake, at 20 bar, is by far the highest ever reported
for any porous material, including densied carbons andMOFs,
which have so far been limited to ca. 40 g l�1 at much higher
pressure ($40 bar).20–29

The excess and total hydrogen uptake isotherms obtained
aer densication at a load of 10 tons (740 MPa), i.e., carbons
C10-ZTC-5 and C10-ZTC-15, are shown in Fig. 4A. The total
gravimetric hydrogen uptake at 20 bar and �196 �C is sum-
marised in Table 1. Aer densication at 740 MPa there was a
small decrease in gravimetric hydrogen uptake, which again is
consistent with the changes in textural properties (Table 1); at
20 bar, the total gravimetric hydrogen uptake of sample ZTC-5
reduces only slightly from 7.3 wt% to 7.0 wt% for C10-ZTC-5,
while C10-ZTC-15 has an uptake of 5.9 wt% compared to
6.2 wt% for the non-compacted ZTC-15 analogue. As shown in
Fig. 4A, the corresponding excess gravimetric hydrogen uptake
achieved at 20 bar is 6.0 wt% and 5.4 wt% for C10-ZTC-5 and
C10-ZTC-15, respectively. Fig. 4B shows both the excess and
total volumetric hydrogen uptake calculated on the basis of
packing density of 0.72 g cm�3 for C10-ZTC-5 and 0.74 g cm�3

for C10-ZTC-15. The densied zeolite templated carbons ach-
ieve a very high excess volumetric hydrogen uptake (at 20 bar
and �196 �C) of 43 and 40 g l�1 for C10-ZTC-5 and C10-ZTC-15,
Fig. 4 Gravimetric (A) and volumetric (B) excess and total hydrogen
uptake isotherms at �196 �C of zeolite templated carbons C10-ZTC-5
and C10-ZTC-15 after densification at 740 MPa.
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respectively. As summarised in Table 1, the total volumetric
hydrogen uptake, at 20 bar, is 50.4 and 43.7 g l�1 for C10-ZTC-5
and C10-ZTC-15, respectively. The volumetric uptake aer
densication at 740 MPa is therefore quite similar to that of
samples densied at 370 MPa. We note that a total volumetric
uptake of 50.4 g l�1, at 20 bar and �196 �C, is by far the highest
ever recorded for any carbon material.20–29 Moreover, the
encouraging uptake of 50.4 g l�1 is achieved at a relatively low
pressure of 20 bar. The uptake of the present densied zeolite
templated carbons thus appears to comfortably exceed the 2017
targets set by the United States Department of Energy (DOE),
i.e., a system gravimetric uptake capacity of 5.5 wt% and volu-
metric uptake capacity of 40 g l�1. We, however, note that the
DOE targets are for the whole system rather than on a material-
only basis as reported here. Nevertheless, the targets may be
achievable given that the densied ZTC carbons can store even
greater amounts of hydrogen at pressures above 20 bar,
vide infra.

The hydrogen uptake isotherms in Fig. 3 and 4 do not show
any hysteresis, which indicates that the uptake is totally
reversible. It is also clear that the total hydrogen uptake
isotherms do not reach saturation at 20 bar, which means, as
mentioned above, that higher hydrogen storage is possible
above 20 bar as demonstrated by the uptake of a representative
ZTC at a pressure of up to 50 bar (Fig. S3, ESI†). Motivated by the
nonsaturation at 20 bar and even up to 50 bar (Fig. S3, ESI†),
and the fact that ZTCs can therefore have higher uptake at
pressures above 50 bar, we estimated the maximum total
hydrogen uptake via tting of the data up to 20 bar using the
Langmuir model40 (Fig. S4, ESI†). We, inter alia, conrmed that
such tting using the Langmuir model (i.e., Langmuir plots)
gives acceptable maximum hydrogen storage data by applying it
to published experimental data for a metal–organic framework
(NOTT-112).41 The comparison between published experimental
data for NOTT-112 and an estimate from Langmuir plots was
performed so as to illustrate the veracity of the Langmuir plots
in estimating maximum hydrogen uptake. The experimentally
determined maximum total hydrogen storage for NOTT-112 is
10 wt% at 77 bar,41 while tting uptake data up to 20 bar using a
Langmuir plot (Fig. S4, ESI†) estimates a maximum total uptake
of 9.96 wt%. Thus the experimentally determined value (10 wt
%) and estimated value from a Langmuir plot (9.96 wt%) are
virtually identical for NOTT-112,41 which conrmed the veracity
of our approach to estimating maximum total gravimetric
hydrogen uptake for the zeolite templated carbons. The esti-
mated maximum total gravimetric hydrogen uptake for the
ZTCs before and aer densication is summarised in Table 1.
For ZTC-5, the estimated maximum is 9.2 wt%, decreasing
slightly to 9.0 wt% (C5-ZTC-5) and 8.8 wt% (C10-ZTC-5) aer
densication. For ZTC-15, the maximum is 7.9 wt%, and
remains largely unchanged at 8.1 wt% for densied C5-ZTC-15,
and then decreases to 7.5 wt% aer densication at 740 MPa
(sample C10-ZTC-15). The very high estimated maximum
gravimetric hydrogen uptake means that, as summarised in
Table 1, the ZTCs can achieve a total volumetric uptake of up to
40 g l�1 before densication, and exceptionally reach storage of
56–58 g l�1 for densied ZTC-15 and an unprecedented 63 g l�1
432 | Energy Environ. Sci., 2014, 7, 427–434
for densied ZTC-5. The estimated maximum uptake presented
here far exceeds the 2017 DOE systems targets, i.e., 5.5 wt%
gravimetric uptake and 40 g l�1 volumetric uptake. However, as
the DOE targets are for the whole system rather than on a
material-only basis as reported here, more work is needed to
clarify how material-only gravimetric hydrogen uptake of 8.8 wt
% and volumetric uptake of 63 g l�1 (for densied ZTC-5)
translate to system values. Nevertheless, the fact that the
material-only values presented here are higher than the DOE
systems targets is very encouraging.

More generally, the volumetric uptake observed here is
higher than that of any carbon or known MOFs and even
compares very favourably with the theoretical maximum for
MOFs.42 It is also worth noting, as discussed above, that MOFs
are very susceptible to loss of porosity on compaction, which
rather limits their densication.24–26,42 The excellent mechanical
stability, densication and hydrogen storage exhibited by the
present template carbons indicate that zeolite templated
carbons are one of the key materials for use in hydrogen
storage. The exceptional hydrogen uptake is attributed to a
combination of the presence of 1.2 nm pores, which are in the
pore size range useful for hydrogen uptake,43,44 high surface
area and unique molecular structure that allows densication
without loss of textural delity. More widely, the data presented
here illustrate the potential of porous carbons as hydrogen
stores.

Summary

A hard templating technique using zeolite as the template has
been employed to generate porous carbons with zeolite-like
structural ordering, high surface area and pore volume and
excellent mechanical stability. The high mechanical stability of
the resulting zeolite templated carbons (ZTCs) means that they
readily undergo densication and can be safely compacted at
extreme loads of up to 10 tons (740 MPa) while still retaining
their zeolite-like structural ordering and high porosity. On
densication, the ZTCs reach packing density of 0.72–0.74 g
cm�3, and retain surface area of ca. 3000 m2 g�1 and pore
volume of ca. 1.4 cm3 g�1, and thus possess a combination of
textural properties hitherto not been achieved in any porous
material. Unusually, the densied zeolite templated carbons
retain high gravimetric hydrogen uptake, at �196 �C, of ca.
7 wt% at 20 bar, rising to 8.8 wt% above 20 bar. The high
packing density and high gravimetric hydrogen uptake translate
to exceptional and unprecedented volumetric hydrogen storage
of 50 g l�1 at 20 bar and up to 63 g l�1 above 20 bar. The porosity
in the zeolite templated carbons, before and aer densication,
arises mainly from micropores of size 1.2 nm. This study and
the ndings herein described break new ground with respect to
levels of volumetric hydrogen uptake achievable for porous
carbons and highlight a very promising route for fabrication
and post synthesis densication of carbon materials. The
possibility of densication accompanied with little loss in
porosity or gravimetric hydrogen uptake is, as far as we know,
unique to ZTCs and means that appropriately densied zeolite
templated carbons are excellent hydrogen stores with high
This journal is © The Royal Society of Chemistry 2014
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gravimetric and exceptional volumetric capacity. The ndings
add new insights in the development of carbonaceous materials
with enhanced hydrogen storage capacity.
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