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Abstract Templated microporous carbons were synthe-
sized from metal impregnated zeolite Y templates. Scan-
ning Electron Microscopy (SEM) and Transmission Elec-
tron Microscopy (TEM) were employed to characterize
morphology and structure of the generated carbon materi-
als. The surface area, micro- and meso-pore volumes, as
well as the pore size distribution of all the carbon materi-
als were determined by N; adsorption at 77 K and corre-
lated to their hydrogen storage capacity. All the hydrogen
adsorption isotherms were Type 1 and reversible, indicating
physisorption at 77 K. Most templated carbons show good
hydrogen storage with the best sample Rh-C having surface
area 1817 m?/g and micropore volume 1.04 cm>/g, achiev-
ing the highest as 8.8 mmol/g hydrogen storage capacity
at 77 K, 1 bar. Comparison between activated carbons and
synthesized templated carbons revealed that the hydrogen
adsorption in the latter carbon samples occurs mainly by
pore filling and smaller pores of sizes around 6 A to 8 A
are filled initially, followed by larger micropores. Overall,
hydrogen adsorption was found to be dependent on the mi-
cropore volume as well as the pore-size, larger micropore
volumes showing higher hydrogen adsorption capacity.
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1 Introduction

Hydrogen is considered to be an ideal fuel for solving the
energy crisis as well as minimizing environmental impact.
Four different methods to store hydrogen are currently avail-
able: liquid hydrogen (Aceves et al. 2006), compressed gas,
metal hydrides (Cooper et al. 2003; Schlapbach and Zuttel
2001; Zuttel 2004) and sorption on different porous materi-
als such as carbon materials (de la Casa-Lillo et al. 2002;
Hirscher et al. 2002; Lueking and Yang 2003), zeolites
(Yoon 1993), metal organic frameworks (Rosi et al. 2003;
Fichtner et al. 2005; Li et al. 2006), and nano-structured
metal particle or films. (Hou et al. 2005a; Hou et al. 2005b;
Bobet et al. 2004) Cryogenic liquid hydrogen systems expe-
rience potential hydrogen losses due to evaporation; com-
pressed hydrogen system exhibit safety problems and are
still too large for automotive applications; metal hydrides
systems have high weight and cost concerns, and moreover
high temperatures are often required to release hydrogen.
Chemical hydrogen storage from ammonia-borane (Keaton
et al. 2007) shows promising results on dehydrogenation at
relatively low temperatures, however, precursor synthesis is
yet to be mastered.

Carbon materials have received attention in this area, be-
cause of their low density, high surface area, good chemical
stability, and amenability to a wide range of processing con-
ditions. Many novel approaches to control the pore struc-
ture have been proposed in the literature. Among them, the
template carbonization method has gained more attention
as it is a feasible method for preparation of well-structured
microporous/mesoporous carbons (Joo et al. 2003; Kyotani
et al. 1997; Kyotani 2000; Zakhidov et al. 1998). Ky-
otani et al. synthesized microporous carbons by a template
synthesis process using chemical vapor deposition tech-
nique (CVD) wherein carbon precursors were infiltrated
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into zeolite nano-channels, employing a number of zeolites
viz. USY, NaY, HB, KL, mordenite (H-form) and ZSM-5
(H-form) as templates and furfuryl alcohol and acrylonitrile
as carbon precusors. Highly ordered microporous carbons
with three-dimensional regularity and very high surface ar-
eas (3600 m?/g) as well as different pore-structure can be
readily synthesized (Ma et al. 2000, 2001, 2002).

Recently, our group (Chen et al. 2007) synthesized mi-
croporous carbons from cation exchanged zeolite Y tem-
plate using butylene and propylene as carbon precursors
and studied hydrogen uptake of these samples and achieved
promising results at 77 K and 1 bar. Yang et al., have also
templated high surface area carbons with g zeolite as tem-
plate and acetonitrile as precursor and achieved around 6.9%
hydrogen adsorption at 77 K and 20 bar (Yang et al. 2006,
2007a, 2007b, 2007¢).

In this paper, we describe synthesis of carbon nanostruc-
tures containing dispersed transition-metal nano-particles,
(viz. Co, Ni, Cu, Ir, Pt, Ag, Rh and Pd) synthesized by
adapting the templating method and measured their hydro-
gen storage at 77 K and 1 bar. Furthermore, we have com-
pared the hydrogen storage capacities of our samples with
the commercially available activated carbon as well as their
metal-impregnated counterparts.

2 Experimental
2.1 Materials

Activated carbons both metal impregnated (Pt 3% and
Pd 3%) as well as plain were procured from Sigma-Aldrich.
Zeolite Y (CBV100 SiO,/Al,03 = 5.1) in its sodium form
was procured from Zeolyst international. The metal salts
used as source were cobalt nitrate, nickel nitrate, copper
nitrate, Iridium chloride, Tetra-ammonia platinum nitrate,
silver nitrate, rhodium chloride and palladium chloride. Hy-
drogen gas (grade 5) as well as propylene gas (5% in nitro-
gen) were purchased from BOC.

2.2 Synthesis of templated carbons

The carbons utilized in this study were synthesized as fol-
lows: NaY zeolite powder was impregnated with transition
metal salts of interest, using reported procedures (Jiang et al.
2001; Keane 1994, 1995; Matsui et al. 2005) and the result-
ing zeolites were denoted as Metal Y. Metal impregnated ze-
olite Y powder was then dehydrated by heating to 673 K
in a step-wise mode of 50 K under inert nitrogen gas purge
followed by infiltrated with an organic precursor, furfuryl
alcohol (FA), in a Rotavapor for 24 hours at room tem-
perature. The sample was then centrifuged, dried and poly-
merized (in a quartz reactor) to further stabilize the organic
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precursor followed by carbonization of the organic material
at 973 K for 4 hours. After carbonization, chemical vapor
deposition (CVD) was conducted with propylene gas for 4
hours at a flow rate of approximately 400 ml/min, followed
by heat treatment at 1173 K for another 3 hours. The reactor
was cooled to ambient temperature and the zeolite carbon
composite material was leached by the 48% hydrofluoric
acid (Sigma-Aldrich) for 3 hours at room temperature, to re-
move the zeolite template, followed by washing with deion-
ized water and then drying in a vacuum oven at 303 K for
24 hours. The resulting carbons were denoted as Metal-C,
for example Co impregnated carbon was denoted as Co-C,
Ir impregnated carbon was denoted as Ir-C and so on.

3 Characterization

The structure of the zeolite/carbon composites and final car-
bon samples were examined with an X-ray diffractometer
(XRD, Philips PW1130 with CuKe radiation A = 1.5405 A)
to confirm removal of the zeolite template. The microscopic
features of the resulting carbons were observed with a scan-
ning electron microscope (FESEM 6300) as well as trans-
mission electron microscopy (EM420 and JEOL2011). The
carbon fraction was determined by combusting the zeolite
carbon composite material by heating it in stepwise mode
to 1073 K in oxygen gas in a TG/DTA thermogravimetric
analyzer (TG Mettler Toledo TGA/SDTAS851). The surface
area and the pore structure analysis of the samples were per-
formed on a volumetric adsorption analyzer (Micromeritics,
USA ASAP 2020). Before adsorption measurements, the
samples were out-gassed under vacuum at 623 K. The BET
surface area was measured and the micropore volumes were
calculated at a relative pressure of 0.15. The corresponding
mesopore volume was determined by subtracting the mi-
cropore volume from the total pore volume calculated at a
relative pressure of 0.995, which we denoted as V. Pore
size distributions (PSDs) were determined using non-local
density functional theory (DFT) for slit-pore like geometry.
Hydrogen adsorption isotherms at 77 K were measured us-
ing an ASAP 2010 Gas Adsorption Analyzer (Micromerit-
ics, USA). All the samples were degassed at 623 K under
vacuum prior to use.

4 Results and discussion
4.1 X-ray analysis

The powder x-ray diffraction (PXRD) patterns for the final
carbons are shown in Fig. 1. The peaks corresponding to
the parent zeolite template (i.e. metal impregnated Y) are
absent, indicating that the entire template has been com-
pletely removed by the leaching process. The XRD patterns
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Fig.1 XRD patterns for the

final carbon samples: (a) Ni-C
and Pd-C (b) Ir-C, Pt-C, Ag-C
and Rh-C. (¢) Co-C and Cu-C
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Table 1 BET surface area, pore volumes, carbon fraction and hydrogen adsorption data of synthesized carbons

Sample BET Viotal Vinicro Vineso Carbon fraction Hydrogen ads.
(m?/g) (cm?/g) (cm?/g) (cm?/g) (Wt%)* mmol/g*
Co-C 1613 1.2 0.674 0.526 16 8.28
Ni-C 309 0.25 0.13 0.12 45.6 1.48
Cu-C 1595 1.0 0.672 0.33 25 7.99
Rh-C 1817 1.036 0.758 0.278 23 8.8
Pd-C 197 0.44 0.08 0.36 67 0.95
Ag-C 1267 0.78 0.528 0.252 20.6 4.15
Ir-C 2044 1.12 0.85 0.27 26.3 8.2
Pt-C 911 0.52 0.377 0.321 22.7 4.46
AC* 994 0.468 0.422 0.046 - 7.80
C blank 537 0.59 0.24 20% 2.8
AC+3%Pt" 712 0.667 0.3 0.367 - 6.91
AC+3%Pd” 783 0.72 0.3 0.42 - 6.82
* commercial

#determined from combustion of zeolite carbon composite in oxygen

*hydrogen adsorption at 77 K and 1 bar

for Ni-C and Pd-C samples (Fig. 1a), show high intensity
peak at 26 = 26°, the intensity being higher in the former
sample suggesting presence of graphitic layers formed due
to deposition of carbon in form of layers or stacks (graphiti-
zation) on the external surface of the zeolite, during the heat
treatment, eventually resulting in higher carbon fractions in
these samples (Table 1). Ir-C, Pt-C, Ag-C, and Rh-C sam-
ples (Fig. 1b) as well as Co-C and Cu-C samples (Fig. 1c)
show a small peak at 26 & 6, corresponding to the {111}
planes of zeolite Y, suggesting that a certain degree of reg-
ularity with a periodicity of about 1.4 nm is replicated and
well templated morphologies have been retained to a cer-
tain extent in these carbons, (Kyotani 2000). Carbons pre-
pared from Ir, Pt, Ag and Rh impregnated Y zeolite tem-
plates show a very small peak at 26° showing the absence of
graphitic type structures suggesting that these metals may
be a less effective catalyst for graphitic type carbon deposi-
tion (or nanotube formation) as compared to Ni and Pd and
moreover the carbon is deposited inside the pores and chan-
nels of the zeolite crystal, leading to formation of microp-
orous carbons and overall moderate carbon fraction (20-26
wt%, Table 1).

Co-C and Cu-C (Fig. lc), also show relatively broad
peak and low intensity peak at 260 =~ 26 (as compared to
Ni-C and Pd-C samples, Fig. 1a) suggesting some graphiti-
zation. Cu-C shows a more apparent peak at 6°, showing the
presence of microporous templated carbon (Kyotani 2000;
Chen et al. 2007). However, it should be noted that the peaks
in the XRD pattern are relative, and metal particles in other
samples show stronger peaks thus reducing or masking the
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low intensity peaks (typically the 6° peak) in the case of
fully templated carbon (Fig. 1b).

Additionally, all the samples show peaks corresponding
to respective metal nanoparticles in their reduced state, ex-
cept for Co-C, wherein a peak corresponding to cobalt oxide
is observed. The sizes of the nanoparticles were calculated
from the Scherrer equation, and Ni nanoparticle was found
to be around 19 nm, Pd 24 nm, cobalt oxide 30 nm, copper
2 nm, Ir 25 nm, Pt 4-6 nm (Yang et al. 2007c), Ag 40 nm
and Rh 20 nm.

4.2 Scanning Electron Microscopy

Representative SEM micrographs of the samples with nan-
otubes (Pd-C), partially templated (Co-C) and completely
templated carbons (Ir-C) are shown in Fig. 2a, b and c re-
spectively. According to the SEM images both Pd-C and
Ni-C show graphitic structures also supported by the pres-
ence of graphitic peak at 26° in the XRD pattern as well as
the higher carbon fraction (Table 1). Pd-C (Fig. 2a) sample
shows graphitic nanofibers as well as cone helixes, which
we will be discussing in more detail elsewhere (Yang et al.
2007c¢). Similarly, Ni-C shows fiber-like carbon nanotubes
(CNT) and spherical carbon onions (CO) (described in TEM
section). Metals such as Co and Ni are known to be most
active catalysts in carbon nanotube formation and addition-
ally Ni is also known to increase the yield of carbon nan-
otubes (Ciambelli et al. 2005; Yudasaka et al. 1995; Baker
et al. 1972). The Co-C (Fig. 2b) sample is mainly com-
prised of partially templated carbon and very small amount
of CNTs as compared to Ni-C. This observation is contrary
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Fig. 2 Scanning electron microscopy images of (a) Pd-C (b) Co-C
and (c) Ir-C samples

to Ciambelli et al. (2005), wherein they generated nanotubes
with 70% selectivity from Co-Beta zeolite as template. In
our case, under our synthesis conditions Co salts were ox-
idized to cobalt oxides rather than reduced to metallic Co
(Fig. 1c); hence Co was not available in its metallic form
for nanotube formation resulting in partially templated car-
bon. CuY-C (shown in supporting information) has similar
morphology as CoY-C (partially templated), and shows neg-
ligible nanotubes. Copper metal is known to be a poor cata-
lyst for catalytic conversion and generally does not produce

nanotube type carbon structures (Ciambelli et al. 2005). On
the other hand, Ir-C, Pt-C, Ag-C and Rh-C retain the mor-
phology of parent zeolite Y templates suggesting that these
metals facilitate carbonization and polymerization of car-
bons inside the zeolite pore structures leading to microp-
orous carbons. SEM images are provided in the supporting
information file. The SEM of Ir-C (Fig. 2¢) sample is shown
as a representative of this group. The smooth surface of these
carbons emphasizes the fact that most of the carbon was de-
posited inside the zeolite channels (Hou et al. 2005a).

4.3 Nitrogen adsorption and pore size distribution

Figure 3 shows the N, adsorption isotherms at 77 K for
some of the carbon samples synthesized in this work.
Graphitic carbons or carbons with nanotubes viz. Ni-C
(Fig. 3) and Pd-C behaved alike and show very low Nj
adsorption, hence low surface area (Table 1) as expected
indicating less micropores. All the other carbons partially
templated (Co-C and Cu-C) or fully templated (Ir-C, Rh-C
and Ag-C) show type I isotherms and high surface area
>1000 m?/g (Table 1) except Pt-C which has slightly lower
surface area. The very sharp adsorption isotherm suggests
that the samples have larger micro-pore volume. Both par-
tially and fully templated carbon samples show a minor hys-
teresis during desorption suggesting the presence of meso-
porosity to a certain extent. Commercial activated carbon
shows no hysteresis, however, their metal impregnated coun-
terparts show lower surface areas and develop some meso-
porosity (Fig. 3, Act-3% Pt), suggesting possible blockage
of pores by metals or collapse of weak carbon linkages dur-
ing synthesis leading to mesopores.

Figure 4 shows the pore size distribution (PSDs) for
Ni-C representing the graphitic carbons; Ir-C Rh-C and Pt-
C form fully templated carbons as well as Co-C and Cu-C
which are partially templated carbons. Activated carbon (not
shown) shows a very high micropore volume (~0.17 cm3/g)
at 5.8 A, while metal impregnated activated carbons showed
relatively lower micropore volumes at 6.7 A (0.08 cm?’/g)
in case of Pd and at 7.3 A (0.08 cm?/g) in case of Pt, again
pointing to blocked micropores by the metal particles mak-
ing them inaccessible to adsorbate gases.

All the carbon samples show bimodal pore size distri-
bution, the first low intensity peak typically in the 6-8 A
range and second high intensity peak at about 12 A. Pore
sizes at 12 A are very close to the d-spacing of 6° on XRD
pattern corresponding to the super-cage size 14 A in zeo-
lite Y framework, suggesting the presence of long range or-
dered structure in all of these carbon samples. Additionally
all samples show mesoporosity to a certain degree, suggest-
ing partial carbon deposition or collapse of weakly linked
carbon during the heat treatment and leaching processes
(Chen et al. 2007). Pore size distribution of graphitic car-
bons Ni-C and Pd-C show low micropore volumes as these
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Fig. 3 Nitrogen adsorption 40
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Fig. 4 Pore size distribution on different types of synthesized carbons

carbons mainly contain nanotubes as displayed in SEM im-
ages, XRD patterns (Fig. 1a) as well as very low surface area
(Table 1). Co-C and Cu-C samples, which have retained par-
tial zeolite template structure, show more or less similar pore
volumes and pore size distribution; however, Co-C sample
showed more pores in the mesopore range as compared to
the Cu-C sample (Fig. 4; Table 1) suggesting that Co in its
oxide form is an inactive catalyst for hydrocarbon conver-
sion as compared to Cu metal resulting in partial deposition
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of the carbon inside the pores, leading to generation of voids
in the structure, which is also reflected in its low carbon frac-
tion. Rh-C and Ir-C (Fig. 4) on the other hand show high
micropore volume in the range 6-8 A and at 12 A, the latter
sample showing the highest, followed by Rh-C, Cu-C, Co-C
(Fig. 4) and Ag-C sample, suggesting that Rh, Ir, Ag and
Pt catalyze hydrocarbon carbonization leading to well tem-
plated ordered microporous carbons. Pt-C samples shows an
additional peak at 5 A which may be attributed to loss of
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small volatiles such as CO;, H,O and H; given out during
the heat treatment process (Chen et al. 2007).

4.4 Transmission Electron Microscopy

Representative transmission electron microscopy images for
Ni-C as an example of graphitic carbons and Rh-C as an
example of templated carbons are shown in Fig. 5a and
b respectively. Ni-C samples are comprised of nanofibers
(NF) and carbon onions (CO) with inset showing the layered
structure of CO (shown in Fig. 5a and supporting informa-
tion file). Rh-C, Ag-C, Ir-C samples show very long range
ordered structure with periodicity of 1.4 nm suggesting the
template structure was replicated, the dark spots in the TEM
correspond to the metal nanoparticles and their sizes are de-
scribed earlier. (TEMs are shown in supporting information)

4.5 Hydrogen adsorption

Hydrogen adsorption isotherms for all the carbon samples
are shown in Fig. 6 and their hydrogen adsorption capac-
ities are summarized in Table 1. DFT analysis of com-
mercial activated carbon, as well as commercial carbons
with 3% Pt and Pd show high micropore volumes at 6 A,
7 A, and 8 A, respectively. Correspondingly, their hydrogen
isotherms show high adsorption in the low-pressure range
(below 20 kPa), which tend to saturate with increase in pres-
sure (120 kPa). In the case of partially templated (Co-C
and Cu-C) as well as fully templated carbons (Rh-C and
Ir-C), the hydrogen isotherm shows a gradual increase with
increase in pressure suggesting that the smallest pores are

Fig. 6 Hydrogen adsorption 10

(b)
Fig. 5 TEM images for (a) Ni-C and (b) Rh-C samples
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Fig. 7 Relationship between 1.4
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filled initially (<10 A) followed by the larger micropores.
It should be noted that Rh-C, Ir-C, Cu-C and Co-C have
more or less similar pore volumes at pore-size 6-8 A and
show nearly similar hydrogen uptake (8.0—8.8 mmole/g; Ta-
ble 1). Although, the pore volume of Ir-C at ~12 A is high-
est (Fig. 4; Table 1), Rh-C shows the highest H, uptake. Ir-C
has slightly lower pore volume in the smaller pore range (6—
8 A) as compared to Rh-C, which may be reflected in the dif-
ference between their Hy uptakes, however, this difference
is very subtle and well within experimental error. Pt-C car-
bons show slightly higher and steeper adsorption isotherms
as compared to Ag-C carbon sample, although the latter has
higher surface area. DFT analysis of Pt-C carbon shows a
pore volume at 5 A (Fig. 4) suggesting smaller pores, similar
to commercial activated carbons although the pore volume
is lower. These smaller pores fill up initially as supported by
a sharp adsorption isotherm in case of Pt-C as compared to
Ag-C and then saturates, while the hydrogen uptake in Ag-C
carbons seems to increase (similar to Rh-C, Ir-C, Co-C and
Cu-C) and may adsorb more H; than Pt-C at higher pressure
(>120 kPa). Nanotubes or graphitic materials show very low
hydrogen uptake, which is expected, as their micropore vol-
umes are low.

Overall in the case of fully templated (except Pt-C) and
partially templated carbons, measurements at 77 K demon-
strate that they are far from their saturation limits for Hj
adsorption. Additionally we believe that the H, molecules
are adsorbed predominantly by smaller pores in range 6 A
to 8 A, in agreement with Jagiello et al. (2006), followed by
pores >10 A.

The relationship between hydrogen adsorption capaci-
ties (77 K and 1 bar) and micropore volume (denoted as
Viicro) as well as the total pore volumes is shown in Fig. 7.
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H, adsorption (mmol/g)

There is an approximate linear relationship between hy-
drogen adsorption capacity and micropore volume (Viicro)
as well as the total pore volume, in contrast to reports by
Jorda-Beneyto et al. (2007) wherein pore-size distribution
appeared to have no impact on hydrogen adsorption at 77 K
in the case of activated carbons. In our samples the microp-
ore volume and PSD appears to play some role in the overall
hydrogen adsorption and especially pores <10 A seem to be
responsible for hydrogen adsorption (Jagiello et al. 2006;
Nijkamp et al. 2001). Mesopore volume appears to play a
less important role in hydrogen adsorption.

Moreover, impregnated metal did not appear to play role
in hydrogen chemisorption (beyond their role in directing
the PSD) because all the hydrogen isotherms were found to
be fully reversible and no evidence of spill-over phenomena
was observed.

5 Conclusion

Templated metal impregnated carbons have been synthe-
sized. Although zeolite Y was used as template for all
the carbons, the resulting carbon structure was sensitive
to the type of impregnated metal. Ni and Pd impreg-
nated templates produced nanotubes and nanofibres while
other metals produced partially or fully templated micro-
porous carbons. SEM and TEM confirmed that the tem-
plated morphology is fully or partially retained and also re-
vealed that the generated carbons contain dispersed metal
nanoparticles of sizes varying from 2 nm to 20 nm. Sur-
face area results indicate that all the templated carbon sam-
ples (except samples with nanotubes and nanofibres) pos-



Adsorption (2008) 14: 265-274

273

sess high surface area and micro-pore volume with bi-
modal pore-size distribution at 6-8 A and 12 A respec-
tively, the latter pointing to the fact that regularity and or-
der of zeolite Y template structure is well replicated in
the final carbons. Hydrogen adsorption isotherms for the
carbon samples investigated were type I and reversible,
suggesting physisorption and metal particles played no
part in hydrogen chemi-sorption. Hydrogen adsorption
was found to be approximately more linearly dependent
on micropore volume as well as the pore-size than to-
tal pore volume, with higher micro-pore volumes giving
higher hydrogen adsorption. Smaller pore sizes leading
to sharper hydrogen adsorption isotherm increases at zero
loading.
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