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Abstract: We report the synthesis of zeolite-like carbon materials that exhibit well-resolved powder XRD
patterns and very high surface area. The zeolite-like carbons are prepared via chemical vapor deposition
(CVD) at 800 or 850 °C using zeolite 5 as solid template and acetonitrile as carbon precursor. The zeolite-
like structural ordering of the carbon materials is indicated by powder XRD patterns with at least two well-
resolved diffraction peaks and TEM images that reveal well-ordered micropore channels. The carbons
possess surface area of up to 3200 m?/g and pore volume of up to 2.41 cm?3/g. A significant proportion of
the porosity in the carbons (up to 76% and 56% for surface area and pore volume, respectively) is from
micropores. Both TEM and nitrogen sorption data indicate that porosity is dominated by pores of size 0.6—
0.8 nm. The carbon materials exhibit enhanced (and reversible) hydrogen storage capacity, with measured
uptake of up to 6.9 wt % and estimated maximum of 8.33 wt % at —196 °C and 20 bar. At 1 bar, hydrogen
uptake capacity as high as 2.6 wt % is achieved. Isosteric heat of adsorption of 8.2 kJ/mol indicates a
favorable interaction between hydrogen and the surface of the carbons. The hydrogen uptake capacity
observed for the zeolite-like carbon materials is among the highest ever reported for carbon (activated
carbon, mesoporous carbon, CNTs) or any other (MOFs, zeolites) porous material.

1. Introduction only one weak diffraction peak? The poor replication of the
zeollte structure in carbons has been attributed to several reasons

silicas have been extensively used as hard templates for thenCIUdIng low carhon loading due to the small pore size of
preparation of nanoporous carbon materials. The porous carbonfeomes’ or disorder/inappropriate symmetry of the zeolite pore

are obtained via the template carbonization method, which orger@ng?v“fln ﬁirticulzr, thﬁt CI\?§6 rept))licati_on of t_ge p(;)rte
involves the introduction of suitable carbon precursors into the ordering of zeolitef and zeolite Y in carbons is considered to

pores of a hard template followed by carbonization and finally be difficult due. to the dlsordergd strupture of z.eqditand h|gh_-
removal of the templatké? In general, the use of zeolites and symmetry cubic space group in zeolite”¥To circumvent this

mesoporous silicas as hard templates results in microporous ord';zcglg; F;arrg;ntlggﬁgd C‘?r;vgotrkgrsocr(miie?s](Iatn?sﬁgrlzlof
mesoporous carbons, respectiveiHowever, while the struc- u g€ pore zeolite wi W : :

tural ordering of mesoporous carbons is usually a faithful replica cubic pore_system _(e.g., zegllte EMC-2) as tgmplate and
of the pore channel ordering of the silica templates, it is much succeeded in preparing a zeolite carbon replica with more than

more difficult to replicate the zeolite pore structure. The XRD one XRD peaK. This, however, has the unattractive implication

patterns of mesoporous carbons therefore exhibit several dif-:h_atl;fo?ly al' I|m|tedb number of zeolites may be used to give
fraction peaks arising from mesostructural ordering, while the aithiul replica carbons.

XRD patterns of zeolite-templated carbons occasionally have It is therefore desirable to explore nan(?castlng routes, which
may more generally generate carbons with well-resolved XRD
* Corresponding author. patterns from commercially available zeolite templates with
(1) (a) Ryoo, R.; Joo, S. H.; Kruk, M.; Jaroniec, Mdv. Mater. 2001, 13, i i i
677, (0) Ryoo. R Joo. S. Ho Jun. . Phys. Chem. B999 103 7743. disordered structures such as _zeqlﬁe Dls_ordt_ered zeolite
(c) Jun, S.: Joo, S. H.; Ryoo, R.; Kruk, M.; Jaroniec, M.; Liu, Z.; Ohsuna, Structures are those that show periodic ordering in less than three
T.; Terasaki, OJ. Am. Chem. So200Q 122, 10712. (d) Lee, J.; Han, S; R ; f R ; f ;
Hyeon, T.J. Mater. Chem2004 14, 478. (e) Yang, H. F.; Zhao, D. Y. dlmen5|qns (I'e" 2,1, 0r O dlmenSIOnS)' In this regard,’ Ze(,)“te
J. Mater. Chem2005 15, 1217. (f) Lee, J.; Kim, J.; Hyeon, Rdv. Mater. p is considered to have a disordered structure because it typically
2006 18, 2073. ; ; et
) (a) Johnson, S. A Brigham, E. S.: Ollivier, P. J.: Mallouk, T.Ghem. consists of an intergrowth of at least two _d|st|nct structures,
I(\:/Iﬁlter. 1997, 9’992438668) (Kg/otagi, T.; Nagai, |T In((:)u%, S.; Tomitg, A.  polymorphs A and B. The polymorphs, which both possess a
em. Mater1997 9, . (c) Rodriguez-Mirasol, J.; Cordero, T.; Radovic, . .
L R.; Rodriguez, J. Chem. Mater1998 10, 550. (d) BarataRodrigues,  t1€€-dimensional network of pores, grow as randomly alternat-
P.M.; Mays, T. J.; Moggridge, G. OCarbon2003 41, 2231. () Meyers, ing two-dimensional sheets. The intergrowth causes stacking
C. J,; Shah, S. D.; Patel, S. C.; Sneeringer, R. M.; Bessel, C. A.; Dollahon,
N. R.; Leising, R. A.; Takeuchi, E. S. Phys. Chem. B001, 105 2143.

Porous inorganic solids such as zeolites and mesoporous,

(f) Su, F.; Zhao, X. S.; Lu, L.; Zhou, ZCarbon 2004 42, 2821. (9) (3) Kyotani, T.; Ma, Z. X.; Tomita, ACarbon2003 41, 1451.
Bandosz, T. J.; Jagiello, J.; Putyera, K.; Schwarz, Tilem. Mater1996 (4) Gaslain, F. O. M.; Parmentier, J.; Valtchev, V. P.; PatarinCem.
8, 2023. Commun2006 991.
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faults with the overall effect being that the pores of zegfite
rather than being fully three-dimensionally ordered, are two-
dimensionally ordered with some stacking disorder in the third
direction.

Porous carbons with well-ordered pore systems are potentially

useful as gas storage material©f particular interest is

and CA850, at CVD temperatures of 800 and 881) respectively.
ZTB generated sample CB850 at a CVD temperature of ®50A
further sample (designated as CB850h) was prepared from ZTB by
subjecting the zeolite/carbon composite obtained after the CVD step
to further heat treatment under nitrogen flow &h (i.e., heat treatment
in the absence of acetonitrile).

2.2. Material Characterization. Powder XRD analysis was per-

hydrogen storage, which is relevant to the anticipated hydrogen¢, meaq using a Philips 1830 powder diffractometer with Ca K
economy where hydrogen may be used as a source of energyragiation (40 kv, 40 mA), 0.02step size, ath 2 s step time. Textural

The hydrogen sorption capacity of porous carbons generally
increases with surface aréét.is therefore desirable to prepare

high surface area carbon materials. The preparation of structur-

ally zeolite-like carbons with well-resolved XRD peaks may
offer a route to high surface area materials with high hydrogen
sorption capacity. Here, we demonstrate the first synthesis of
structurally zeolite-like carbon materials with well-resolved
XRD patterns using zeolité as template. The zeolite-like (with
respect to structural pore ordering) carbons are obtained by usin
zeolite§ as template and chemical vapor deposition (CVD) to
deposit the carbon precursor into the pores of the zeolite. Our
findings show that zeolit8 can be used as template to nanocast
ordered zeolite-like carbons with well-resolved XRD patterns
arising from a high level of zeolite-type structural ordering and

properties were determined via nitrogen sorptior-406 °C using a
conventional volumetric technique on an ASAP 2020 sorptometer.
Before analysis, the samples were oven-dried at°C38nd evacuated

for 12 h at 200°C under vacuum. The surface area was calculated
using the BrunauerEmmett-Teller (BET) method based on adsorption
data in the partial pressur®/P,) range 0.02-0.25, and total pore
volume was determined from the amount of nitrogen adsorb&dPat

= ca. 0.99. Although the BET method has limitations with respect to
calculating the surface area of microporous materials, it is suitably used

Shere for comparative analysis of the surface area of a set of comparable

samples. The partial pressure rang®P, = 0.02-0.25, for the
calculation of surface area was selected taking into account previous
reports that indicate that using low partial pressure raRf®,= 0.01—

0.05, overestimates the surface area while using the partial pressure
rangeP/P, = 0.1-0.3 can underestimate the surface dré&canning

that the carbon materials possess very high surface area an@!ectron microscopy (SEM) images were recorded using a JEOL JSM-

enhanced hydrogen uptake capacity.

2. Experimental Section

2.1. Material Synthesis.The zeolite templates were obtained using
established proceduré€arbon materials were prepared via CVD by
placing an alumina boat with 0.5 g of zeolite in a flow through tube
furnace, which was then heated to 800 or 880under nitrogen flow.
Once the target temperature was attained, the flow of nitrogen was
switched to nitrogen saturated with acetonitrile (the carbon precursor)
for a heating period fo3 h at thetarget temperature. The resulting
zeolite/carbon composites were recovered and washed with 10%
hydrofluoric (HF) acid several times to remove the zeolite framework.
Finally, the resulting carbon materials were dried in an oven at 120
°C. (Thermogravimetric analysis of the HF-treated carbons indicated
a residual mass typically lower than 3% at 8GD, which indicated
that the carbon materials were virtually zeolite free.) We note that the
use of acetonitrile as carbon source resulted in nitrogen-containing (N-
doped) carbons. The amount and nature of the nitrogen in acetonitrile-
derived carbons have been extensively investigated in previous
reportst~1° Two zeolite templates designated as ZTA and ZTB were

820 scanning electron microscope. Transmission electron microscopy
(TEM) images were recorded on a JEOL 2000-FX electron microscope
operating at 200 kV.

2.3. Hydrogen Uptake MeasurementsGravimetric determination
of hydrogen uptake capacity was performed using an Intelligent
Gravimetric Analyzer (IGA-003, Hiden), which incorporates a mi-
crobalance capable of measuring weights with a resolutiof-@®
ug. Hydrogen uptake was determined-at96 °C over the pressure
range 0-20 bar. The samples were outgassed {4bar) under heating
at 200°C overnight before measurement. Hydrogen uptake capacity
was also determined with a Micrometrics ASAP 2020 sorptometer
(volumetric method) as follows. The samples were evacuated at
200°C under vacuum overnight, and the hydrogen uptake was evaluated
over the pressure range-Q.1 bar at—196 °C. For both methods
(gravimetric and volumetric), high-purity hydrogen (99.9999%) ad-
ditionally purified by a molecular sieve filter was used for the uptake
measurements.

3. Results and Discussion

3.1. Zeolite-like Carbons. The powder X-ray diffraction

used. ZTA was used to generate two samples, designated as CA80dXRD) patterns of zeolitg templates and corresponding carbon

(5) Dillon, A. C.; Jones, K. M.; Bekkedahl, T. A.; Kiang, C. H.; Bethune,
D. S.; Heben, M. JNature 1997, 386, 377.

(6) (a) Hirscher, M.; Panella, Bl. Alloys Compd2005 404, 399. (b) Zhao,
X. B.; Xiao, B.; Fletcher, A. J.; Thomas, K. M.. Phys. Chem. BR005
109 8880. (c) Pang, J.; Hampsey, J. E.; Wu, Z.; Hu, Q.; Lu,Appl.
Phys. Lett2004 85, 4887. (d) Terres, E.; Panella, B.; Hayashi, T.; Kim,
Y. A.; Endo, M.; Dominguez, J. M.; Hirscher, M.; Terrones, H.; Terrones,
M. Chem. Phys. LetR005 403 363. (e) Gogotsi, Y.; Dash, R. K.; Yushin,
G.; Yildirim, T.; Laudisio, G.; Fischer, J. E.. Am. Chem. So2005 127,
16006. (f) Fang, B.; Zhou, H.; Honma, J. Phys. Chem. R00§ 110,
4875. (g) Vix-Guterl, C.; Frackowiak, E.; Jurewicz, K.; Friebe, M.;
Parmentier, J.; Beguin, FCarbon 2005 43, 1293. (h) Texier-Mandoki,
N.; Dentzer, J.; Piquero, T.; Saadallah, S.; David, P.; Vix-GuterGC&bon
2004 42, 2744. (i) Zuttel, A.; Sudan, P.; Mauron, P.; Kiyobayashi, T.;
Emmenegger, Ch.; Schlapbach,lht. J. Hydrogen Energ002 27, 203.

(7) Jones, C. W.; Tsuji, K.; Davis, M. BMicroporous Mesoporous Mater.
1999 33, 223.

(8) (a) Yang, Z.; Xia, Y.; Mokaya, RMicroporous Mesoporous Mate2005
86, 69. (b) Yang, Z.; Xia, Y.; Mokaya, RStud. Surf. Sci. CataR005
156, 573.

(9) Yang, Z.; Xia, Y.; Sun, X.; Mokaya, Rl. Phys. Chem. B006 110, 18424.

(10) (a) Xia, Y.; Mokaya, RAdv. Mater. 2004 16, 1553. (b) Xia, Y.; Yang,
Z.; Mokaya, R.J. Phys. Chem. BR004 108 19293. (c) Xia, Y.; Yang, Z.;
Mokaya, R.Stud. Surf. Sci. CataR005 156, 565 (d) Xia, Y.; Mokaya,
R.Chem. Mater2005 17, 1553. (e) Xia, Y.; Yang, Z.; Mokaya, RChem.
Mater. 2006 18, 140.
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materials are shown in Figure 1. In Figure 1A, the XRD patterns
of the carbon samples show a peak &t=2 7° (hereinafter
referred to as the basal peak). This “basal peak” is at the same
position as the (100), (101) diffraction of the zeojt¢emplate

and therefore indicates that the carbon materials exhibit
structural pore ordering similar to that of the zeolite with a “basal
spacing” of ca. 1.2 nr&48 The intensity of the “basal peak”
suggests that zeolite-type structural ordering is better replicated
in the carbons prepared at higher (850 vs 8@ CVD
temperature. The XRD patterns exhibit a further peakfat=2

15°, which is at a position similar to the (201), (202) diffraction
of the zeolite 8 template. The second diffraction peak is
consistent with a high level of replication of zeolite-type
structural ordering in the carbons. The XRD patterns in Figure
1 are different from those previously observed for zeglite-
templated carbon materials where only one weak “basal peak”

(11) Matsuoka, K.; Yamagishi, Y.; Yamazaki, T.; Setoyama, N.; Tomita, A.;
Kyotani, T. Carbon2005 43, 876.
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Figure 1. Powder XRD patterns of zeolife templates and corresponding carbon materials prepared at various CVD temperatures. The intensity scale is
the same for all samples. The inset in (A) shows a representative TEM image of sample CA850.

was observed®12This is a significant finding because it has hand, carbon deposited within the zeolite pores cannot undergo
previously been accepted that close replication of zedlite graphitization due to spatial limitations imposed by the size of
ordering in templated carbons is not possible due to the the pores. In particular, the XRD patterns in Figure 1B show a
disordered structure of BEA-type zeolites. remarkable lack of externally deposited (graphitic) carbon; no

To confirm the reproducibility and efficacy of the nanocast- significant peak is observed ad 2= 26°.
ing/replication process in generating zeolite-type structural  The nitrogen sorption isotherms of the carbon materials and
ordering in templated carbons, we prepared carbon samples fronzeolite f template are shown in Figure 2. The pore size
a different zeolitef template. The XRD pattern of sample distribution (PSD) of some of the carbons is given in Figure
CB850 (Figure 1B) exhibits a high intensity “basal peak” at 2B (inset). The nitrogen sorption isotherms of all of the carbon
260 = 7°, and a second peak af 2= 15°, which is consistent ~ samples exhibit very high adsorption bel&®P, = 0.1, which
with a high level of zeolite-type structural ordering. A third we ascribed to micropore filling. This suggests that a large
peak at 2 = 18° is observed for sample CB850, which is at a proportion of the pore channels in the carbons are micropores,
position similar to the (105) diffraction of the zeolfidemplate. which is consistent with zeolite-like structural ordering. The
We speculatively attribute this peak to zeolite-structural ordering, isotherms also exhibit some nitrogen uptakeP#&#®, > 0.1,
although we do not rule out the possibility that it may arise which may be attributed to adsorption into larger pores arising
from other carbon contaminants (e.geg)CThe higher intensities ~ from interparticle voids. The isotherms exhibit hysteresis over
of the basal and second “zeolite” XRD peaks of sample CB850h a wide partial pressure range. Such hysteresis has previously
(Figure 1B) indicate that zeolite-type structural ordering was been observed for some zeolite templated carBdftsee PSD
enhanced by thermally treating the CVD derived zeolite/carbon curves (inset Figure 2B) exhibit a relatively sharp distribution
composite in a nitrogen atmosphere. of micopores dominated by pores in the range-@® nm with

The XRD patterns (Figure 1A) exhibit a broad and low- a maxima atca. 0.6 nm. The pore size distribution is consistent
intensity peak at @ = 26°, which is the (002) diffraction from  with a significant level of microporosity in the carbons.
turbostratic carbon. This indicates that the carbon materials areFurthermore, pores of size between 0.5 and 0.9 nm, with a
essentially amorphous and implies that most of the carbon preponderance of pores of size ca. 0.6 nm, for the carbons is
precursor was deposited within the zeolite pores rather than onreasonable in light of the fact that the thickness of the zeolite
the external surface of the zeolite particles. The assumption herewall framework (which becomes the pores in the carbons) is
is that only carbon deposited on the external surface can undergea. 0.6 nn?d
graphitization (formation of graphene sheets) due to the absence The textural properties of the carbon materials are sum-
of any spatial limitations on the zeolite surfaéé€n the other marized in Table 1. All samples have high surface area (2100
3200 n#/g) and pore volume (172.5 cn¥/g). These textural
(12) (a) Ma, Z.; Kyotani, T.; Tomita, ACarbon 2002 40, 2367, (b) Hou, properties are comparable to the highest ever reported for zeolite

P.-X.; Orikasa, H.; Yamazaki, T.; Matsuoka, K.; Tomita, A.; Setoyama, sy .
N.; Fukushima, Y. Kyotani, TChem. Mater2005 17, 5187. (c) Garsuch,  templated carbor®:*12The carbons also exhibit high micropore

A.; Klepel, O.; Sattler, R. R.; Berger, C.; Glaeser, R.; Weitkam@atbon H

2006 44, 593. (d) Garsuch, A.; Klepel, GCarbon 2005 43, 2330. (e) surface area (129({240(? rﬁ/g) a”‘?' micropore volume (,0'55
Ma, Z.; Kyotani, T.; Liu, Z.; Terasaki, O.; Tomita, AZhem. Mater2001, 1.15 cn¥/g). We ascribe the high textural properties and
13, 4413. (f) Hou, P.-X.; Yamazaki, T.; Orikasa, H.; Kyotani,Garbon B ; Al ;

2005 43, 2624. (§) Ma. Z. X.: Kyotani. T.. Tomita, AChem. Commun. mlcroporosn_y to the zeolite-like struc_:tural ord_erlng of the
200Q 2365. carbons. It is noteworthy that the microporosity of sample
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Figure 2. Nitrogen sorption isotherms of carbon materials prepared using zgdiémplates: (A) isotherms for samples prepared at 800 and®@%hd

(B) isotherms of samples prepared at 88Dwith and without additional heating. See Experimental Section for sample designation. The nitrogen sorption
isotherm of one of the zeolitg templates (ZTA) is included for comparison. The inset in (B) shows the corresponding pore size distribution (PSD) curves
calculated using the HorvattKawazoe (HK) model assuming slit pore geometry.

Table 1. Textural Properties and Hydrogen Uptake Capacity of structural ordering, lower surface area, and in some cases high
Carbon Materials Prepared via CVD Using Zeolite 8 Templates proportions of graphitic carbchAn important variation in the
surface area pore volume Houptake  max H, uptake preparation procedure is that in the previous reptbe carbon
sample (m*fg)* (cmelg)” (wt %)° (wt %) precursor was in contact with the zeolftéemplate during both
ZTA 527 (486) 0.28 (0.23) the temperature ramping process and the final heating step at
gﬁggg gigé 85%8; ;:ﬁ Eg:;’% Z:g g:g; the target CVD temperature. T_he_ CVD proce_dure used here,
ZTB 342 (301) 0.23 (0.14) whereby the carbon precursor is in contact with the zeglite
CB850 2611 (1150) 1.74 (0.79) 55 6.46 template only after the final heating step is attained, appears to
CB850h  3150(2397)  1.95(1.13) 6.9 8.33

be better suited for replication of particle morphology from the
aValues in parentheses are micropore surface &réalues in paren- ZeOIit_e tO_ the carbons. The high Ievel_ of Z_eO”te__type structural
theses are micropore volunfeydrogen uptake capacity at196 °C and ordering in the present carbon materials is confirmed by TEM
20 bar. Maximum hydrogen uptake determined from Langmuir plots analysis (inset in Figure 1A and Supporting Information Figure
(Supporting Information Figure 4S). 2S). Ordered pore channels are observed with an estimated pore
size of ca. 0.8 nm. The pore size estimated from the TEM
CB850h, which had an extra heating step, is particularly high images agrees with the pore size (669 nm) determined from
with a proportion of micropore surface area (76%) and pore nitrogen sorption data (inset in Figure 2B). The overall picture
volume (56%) that is higher than that of sample CB850 (45%), that emerges from the powder diffraction, porosity, and mi-
and closer to that of the zeolite templates (90% micropore croscopy data is that a high level of zeolite-like structural
surface area and 6B0% micropore volume). This suggests ordering is replicated in the carbon materials.
that the extra heating step enhances the formation of microféres.  3.2. Hydrogen Uptake of the Zeolite-like Carbons.The
Replication of zeolite-like structural ordering in the carbons hydrogen uptake of the carbon materials was measured via two
requires extensive infiltration of the carbon precursor into the methods, gravimetric and volumetric. The hydrogen uptake,
pores of the zeolitg template. The carbon yield is therefore measured by gravimetric method with an IGA-at96°C over
important; in the absence of externally deposited carbon, we the pressure range-@0 bar, is shown in Figure 4. We note
observed higher carbon yield at 850 than at 800 which is that kinetic data on hydrogen adsorption indicated a rapidH2.5
consistent with the better ordering of sample CA850 as min) achievement of equilibrium, which is consistent with a
compared to that of CA800 (Figure 1A). Replication of zeolite |ack of any significant effects due to the presence of impurities.
structural ordering in the carbons was probed by microscopy. The carbon density (1.5 éfg) used in the buoyancy corrections
SEM images of the zeolit¢ template and sample CA850 was determined from helium sorption data obtained using the
(Figure 3) indicate that the morphology (shape and size) of the IGA at a pressure of up to 20 bar at 323 K. The hydrogen uptake
zeolite particles is replicated in the carbon material. Carbon isotherms were therefore calculated on the bais of a density of
particles with solid cores and smooth surfaces (Figure 3C) with 1.5 g/cnd for the carbon samples, and hydrogen density of 0.04
hardly any irregular stand-alone particulates are formed. This g/cn? was used for buoyancy correction of adsorbed hydrégen.
differs from our previous observations where we obtained either (Supporting Information Figure 3S shows the hydrogen uptake
hollow particles or solid core particles with rough surfaces and
irregular particles (Supporting Information Figure 1S) for zeolite (13) (&) Kowalczyk, P.; Holyst, R.; Terzyk, A. P.; Gauden, P.Langmuir

. 2006 22, 1970. (b) Wang, Q.; Johnson, J. K.Chem. Phys1999 110,
B templated carbons that had lower levels of zeolite-type 577.

1676 J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007
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A S | ;

Figure 3. Representative SEM images of (A) zeolfteemplate (ZTA) and (B,C) ZTA-templated carbon (sample CA850) prepared at a CVD temperature

of 850 °C.

and Panella recently examined hydrogen storage for a wide
range of high surface area carbon nanostructures and reported
a maximum capacity of 4.5 wt % at 70 B&We have recently
observed uptake of up to 4.5 wt % at 20 bar for zeolite-templated
carbons with low levels of zeolite-type structural orderfirihe
storage capacity of the present zeolite-like carbons is generally
higher than that of metal organic frameworks (MOFS),
mesoporous carbofsd zeolites!® or organic microporous
polymerst®
To verify our hydrogen uptake measurements, we compared
our data with that of well-known porous materials that have
0 2 4 6 & 10 12 14 16 18 20 previously been investigated by other groups: a commercially
Pressure (bar) available activated carbon (G212) and a metal organic frame-
Figure 4. Hydrogen sorption isotherms at196 °C of carbons obtained ~ work (MOF-505). We found that the activated carbon G212

via CVD using zeolitg3 as template and acetonitrile as carbon precursor:
(a) CAS00, (b) CBB50, (¢) CABS0, (d) CB850h. (Carbon density of 1.5 (Suface area and pore volume of 1408/gnand 0.7 cri(g,

g/cn? and hydrogen density of 0.04 g/&mere used for buoyancy correction ~ fespectively) had an uptake of 2.0 wt % at 1 bar and 3.96 wt %
of adsorbed k) at 20 bar (Supporting Information Figure 5S). This uptake very

closely matches that obtained by Zhao etfalyho observed

an uptake of 2.15 wt % at 1 bar for activated carbon G212.

Under our hydrogen uptake measurement conditions, MOF-505

) . has been shown to have a hydrogen uptake of 2.6 wt % at 1
confirms that the uptake of hydrogen by the carbon materials .
. . . . bar and 4.1 wt % at 20 baf! This uptake very closely agrees
is reversible. Table 1 gives the hydrogen uptake capacity at a . .
pressure of 20 bar. The uptake capacity at 20 bar varies betweer}’ ith the data by Yaghi and co-worket¥ who have recently
4 and 7 wt %. (In the absence of buoyancy correction, the uptakereporteol hydrogen uptake of 2.47 wt % at 1 bar for MOF-505.
at 20 bar is between 3.3 and 6 wt %.) However, it is clear that ~ To further confirm the gravimetrically (IGA) determined
the isotherms indicate that saturation is not attained at 20 bar,hydrogen storage data, we performed volumetric (Micromeritics
and therefore higher uptake capacities are possible at pressurdSAP 2020) determination of hydrogen uptake capacity for
above 20 bar. Langmuir plots (Supporting Information Figure sample CA850. The hydrogen uptake isotherms obtained via
4S) were used to predict the maximum uptake capacity, and both methods agree closely as shown in Figure 5A, which attests
the data are given in Table 1. The estimated maximum hydrogento the veracity and reliability of our hydrogen uptake measure-
uptake capacity varies between 4.67 wt % for CA800 and 8.33 ments. At 1 bar, the hydrogen uptake capacity for sample CA850
wt % for CB850h. The hydrogen uptake capacity of up to 6.9 s determined to be 2.3 and 2.6 wt % via the gravimetric (IGA)
wt % (with an estimated maximum uptake of 8.33 wt %) and volumetric (ASAP 2020) methods, respectively. Moreover,
observed for the present carbon materials is among the highestye further confirmed the reliability of our hydrogen uptake
ever reported for carbon or any other porous material. Hirscher measurements by performing uptake of deuterium via the

(14) (@) Panella, B.; Hirscher, Mads. Mater. 2005 17, 538. (b) Rowsell, gravimetric (IGA) method and. comparing the uptake with that
J. L. C.; Yaghi, O. M.AAngew. Chem., Int. E®005 44, 4670. (c) Chen, of hydrogen; the expected ratio of wt % uptake is 2:32:D).
B.; Ockwig, N. W.; Millward, A. R.; Contreras, D. S.; Yaghi, O. Mngew. PR : .
Chem., Int. E42005 44, 4745, (d) Rosi, N. L. Eckert. J.. Eddaoudi, M.; This |s.|ndeed what we observed as shown in Figure 5B. Perhaps
\ﬁ)g?k'( ?.RT.; Kir|r|1, }';Logei?‘ﬁ‘ M.(:j Y:ggi, 8- l\lilSEiEQCe%OOiQ%Q " more importantly, we observed values of 1-816 for the
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Figure 5. (A) Hydrogen sorption isotherms at196 °C of sample CA850 measured by (a) gravimetric and (b) volumetric methods. (B) Hydrogen and
deuterium sorption isotherms of sample CA850. Sample density of 1.5 géasiused, and hydrogen density of 0.04 gfamnd deuterium density of 0.08
g/cm? were used for buoyancy correction of adsorbedad Dy, respectively.

6S). This molar ratio is similar to that (1.66.10) observed
for other types of porous carbons under comparable conditions.
Samples prepared at 83C, which possess higher textural
properties, have higher hydrogen uptake capacity. The hydrogen = ¢
uptake capacity is therefore largely dependent on the textural
properties of the carbon materials. High surface area and
associated pore volume are clearly responsible for the enhanced
hydrogen sorption. It is, however, noteworthy that the carbon
(sample CB850h) with the highest hydrogen uptake has the 2
highest micropore surface area and pore volume and the highest
proportion of micropore surface area (76%) and pore volume
(56%). This suggests that microporosity plays a beneficial role 0
in hydlrogen uptake and that the enhanced hydrogen. sorptﬁon H22 uptake gwt%)
capacity of the present carbon samples is related to their zeolite- ) )
like structural ordering. Recent studies have shown that it is Figure 6. Isosteric heat of fadsorption Q) for carbon sample CB850h

. - as a function of the amount of hydrogen adsorbed.
not just the overall surface area that influences hydrogen uptake

in porous carbons, but the surface area associated with “optimalgen and the surface of the carbons, we calculated the isosteric
pores” of a specific size of ca. 0.7 ™18 In most activated heat of adsorption@s) using hydrogen sorption isotherms
carbons, the microporosity covers a wide range of pore size measured at two temperatureslO6 and—186°C). Calculation
within the micropore range (0-2.0 nm) in addition to the o the jsosteric heat of adsorption was based on the Classius
presence of mesopor&sTherefore, although the total surface Clapeyron equation (Supporting Information Figure 7S). A plot
area and microporosity of some activated carbons is high, the of the isosteric heat of adsorptio4) as a function of hydrogen
surface associated with “optimal pores” of size ca. 0.7 nm is uptake is shown in Figure & varies from 8.2 kJ/mol at low
lower. For the present zeolite-like carbon materials, the mi- hydrogen uptake to 4 kd/mol at high uptake (i.e., higher surface
croporosity is dominated by pores of size 88 nm due to  coyerage), and therefore as expected the heat of adsorption
zeolite-type structural ordering. Thus, the surface area associate@ecreases at higher hydrogen upt&@.It is noteworthy that
with “optimal pores” is also high, which translates to enhanced the initial isosteric heat of adsorption is as high as 8.2 kd/mol.
hydrogen uptake capacity. This suggests a strong interaction between adsorbed hydrogen
Given that the adsorption of hydrogen on porous solids at and the carbon surface. The initial isosteric heat of adsorption
—196°C is limited by its low interaction energy with the solid  for the present carbon materials (8.2 kJ/mol) is higher than that
surfaces, it is likely that the preponderance of “optimal pores” of activated carbon and metal organic framework matetfe%.
of ca. 0.7 nm size in the zeolite-like carbons improves the |t is likely that the presence of optimally sized pores and a
interaction by overlap of the potential fields from both sides of relatively high heat of adsorption are responsible for the
the pore. Pores wider than the optimal size will experience a enhanced hydrogen uptake capacity of the zeolite-like carbons.
decrease in the interaction energy with a concomitant decrease
in hydrogen uptake. To explore the interaction between hydro- 4. Conclusions

Qst (kJ mol
~

In summary, we have prepared zeolite-like carbon materials
(17) (a) Tanaka, H.; Kanoh, H.; Yudasaka, M.; lijima, S.; KanekoJKAm. L . . . .
Chem. Soc2005 127, 7511. (b) Zhao, X. B.; Villar-Rodil, S.; Fletcher,  that exhibit very high surface area via a CVD route using zeolite

A. J.; Thomas, K. MJ. Phys. Chem. B006 110, 9947. i ita-li i
(18) Yushin, G.; Dash, R.; Jagiello, J.; Fischer, J. E.; GogotsAd. Funct. ﬂ as solid tenjplat.e..Th_e zeolite-like structural Orde”ng O.f the
Mater. 2006 16, 2288. carbon materials is indicated by powder XRD patterns with at
(19) (a) Ustinov, E. A.; Do, D. D.; Fenelonov, V. Barbon2006 44, 653. (b) _ ; i H
Gauden, P A Terzyk. A, P.: Rychlickl, G. Kowalczyk, P Cwierinia, least .two well-resolved diffraction peaks .an.d TEM |mage§
M. S.; Garbacz, J. KJ. Colloid Interface Sci2004 273 39. showing well-ordered pore channels. Our findings show that it
(20) (a) Benard, P.; Chahine, Rangmuir2001, 17, 1950. (b) Lee, J. Y.; Li, ; ; ; _
3 3agiello’ 33 Solid State CRen2005 178 2527. (c) Lee, J. Y. Pan. is pc_:ss@le to prepare carbo_n materl_als thgt hgve well-resolved
L.; Kelly, S. P.; Jagiello, J.; Emge, T. J.; Li,Adv. Mater.2005 17, 2703. zeolite-like XRD patterns using zeolites with disordered struc-
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ture such as zeolitg as template. The carbon materials exhibit Supporting Information Available: Seven additional fig-
enhanced (and reversible) hydrogen storage capacity, withures: SEM and TEM images, hydrogen sorption isotherms with
measured uptake of up to 6.9 wt % and estimated maximum of no buoyancy correction for adsorbe@y}-ﬂ_angmuir p|ots for
8.33 wt %. At lower pressure (1 bar), hydrogen uptake capacity H, adsorption, hydrogen sorption isotherms including a com-

of Z'E }Nt f’f'isd{achieved. Isosteric heat of agsorption 0(: upbtod parison with activated carbon, a plot showing the variation of
8.2 kJimol indicates a strong interaction between adsor ®Jihe ratio of amounts adsorbed (molaDy/nH; ratio) with
hydrogen and carbon surface. The hydrogen uptake capacity o o
observed for the zeolite-like carbon materials is among the press.ure for zeolite-like carbon, and hydrogen sor_ptlo.n |soth§rms
highest ever reported for carbon (activated carbon, mesoporous OPtained at=196 and—186°C) used for calculating isosteric
carbon CNTSs) or any other (MOFs, zeolites) porous material. heat of adsorption. This material is available free of charge via

] } the Internet at http://pubs.acs.org.
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