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DNA and other biopolymers at unprecedented speeds. Using
electrophysiology techniques8,21, we tested one of our robust,
electrically quiet, 5-nm-diameter pores with double-stranded
DNA. After applying a voltage bias that would draw the negatively
charged DNA molecules through the nanopore, we observed
diminutions of the ionic current (Fig. 5), reminiscent of the
ionic-current blockages observed when single strands of DNA
are translocated through the channel formed by a-haemolysin in
a lipid bilayer22,23. Because no such blockages were seen during one
hour of monitoring before adding DNA, and because the blockages
ceased when the voltage bias was reversed, we attribute these
blockages to interactions of individual DNA molecules with the
nanopore. The duration of these blockades was on the order of
milliseconds, and they consistently exhibited current reductions to
88% of the open-pore value. This last value is commensurate with
translocation of a rod-like molecule whose cross-sectional area is
3±4 nm2 (ref. 24).

The experimental observations, model considerations and the
demonstration of an electronic device show that ion-beam sculpt-
ing represents a promising new approach to nanoscale fabrication.
With feedback control, reproducibility does not depend on pre-
cisely matching all conditions and starting dimensions. The
method should be useful for fabricating a variety of nanoscale
semiconductor devices, as similar sculpting phenomena have been
observed for geometries such as thin slits, trenches and crosses, in
several materials, like SiO2, Si and Al. Furthermore, next-genera-
tion ion-source arrays and mask technologies (see http://www-
afrd.lbl.gov/ ibt.html) combined with multichannel ion detectors
will allow highly parallel applications of nanoscale ion sculpting
methods. M
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Nanostructured carbon materials are potentially of great techno-
logical interest for the development of electronic1,2, catalytic3,4 and
hydrogen-storage systems5,6. Here we describe a general strategy
for the synthesis of highly ordered, rigid arrays of nanoporous
carbon having uniform but tunable diameters (typically 6 nano-
metres inside and 9 nanometres outside). These structures are
formed by using ordered mesoporous silicas as templates, the
removal of which leaves a partially ordered graphitic framework.
The resulting material supports a high dispersion of platinum
nanoparticles, exceeding that of other common microporous
carbon materials (such as carbon black, charcoal and activated
carbon ®bres). The platinum cluster diameter can be controlled to
below 3 nanometres, and the high dispersion of these metal
clusters gives rise to promising electrocatalytic activity for
oxygen reduction, which could prove to be practically relevant
for fuel-cell technologies. These nanomaterials can also be pre-
pared in the form of free-standing ®lms by using ordered silica
®lms as the templates.

Various production methods7 such as arc discharge, laser abla-
tion, chemical vapour deposition, and template synthesis
techniques8 are used to obtain carbon nanotubes in the single-
wall, multi-wall or disordered-wall form. In general, during syn-
thesis of the nanotubes, the tube diameters are very dif®cult to
control. The carbon nanotubes are obtained as a powder, with
separate or entangled nanotubes that exhibit a broad distribution in
tube diameters. Some of the single-wall nanotubes undergo self-
organization to a bundle9. However, the organization is achieved
through weak van der Waals interactions, so that the bundle cannot
be considered as a system with rigid structural periodicity. Here we
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show that a periodic array of uniform ordered nanoporous carbon
can easily be synthesized with tunable pore diameters and rigid
structural order (Fig. 1), using the mesoporous aluminosilicate
molecular sieves known as SBA-1510 as templates.

The mesoporous SBA-15 can be produced in a large quantity by
the cooperative assembly process which takes place between silica
species and the amphiphilic poly(alkylene oxide)-type triblock
copolymers in aqueous or organic medium10. The SBA-15 silica is
constructed with a hexagonal array of nanotubes with uniform
diameter. The diameter of the silica tubes can at present be
controlled over the range of 6±15 nm depending on synthesis
conditions11. These tubes are randomly interconnected through
complementary pores less than 3.5 nm in diameter. Typically, in
our experiments, the SBA-15 silica was synthesized in powder form
(particle size of ,1 mm), using tetraethoxysilicon [Si(C2H5O)4]
and the HO(C2H4O)20(C3H6O)70(C2H4O)20H triblock copolymer
(ref. 10). The resulting SBA-15 silica had cylindrical channels 9 nm
in diameter. The SBA-15 silica was converted to an aluminosilicate
form with an Si/Al ratio of 20, following the postsynthesis incor-
poration procedure12. The pore volume of the aluminosilicate SBA-
15 was ®lled with furfuryl alcohol (C5H6O2) by the incipient-
wetness technique. The aluminosilicate SBA-15 containing the
furfuryl alcohol was typically heated for 3 h at 80 8C, which resulted
in the aluminosilicate acid-catalytic polymerization of the furfuryl
alcohol in the form of a layer coated on the pore walls. The
remaining furfuryl alcohol without polymerization in the core of
the template pores was removed by subsequent evacuation at 80 8C.
The polymerized furfuryl alcohol was converted to carbon inside
the SBA-15 template by pyrolysis under vacuum while increasing
temperatures up to 1,100 8C. The template was then removed with
hydro¯uoric acid or aqueous NaOH solution. Elemental analysis
and energy dispersive X-ray analysis indicated that a negligible
amount of silica remained.

The structure of the synthesized carbon is composed of ordered
nanoporous carbon, which was originally formed inside the cylin-
drical nanotubes of the SBA-15 template. Even once the template
has been completely removed, the ordered nanoporous carbon is
rigidly interconnected into a highly ordered hexagonal array by
carbon spacers, which are formed inside the complementary pores
between adjacent cylinders. The mesoscopic structural order
between the carbon cylinders gives rise to the appearance of more
than ®ve Bragg X-ray diffraction (XRD) lines at small scattering

angles below 2v � 58 (Fig. 2a). However, the carbon atoms in the
frameworks do not have suf®ciently long-range atomic order to
exhibit XRD peaks at larger scattering angles. Owing to the short-
range atomic order, as in partially ordered graphite, ring patterns
and fragmented graphitic lattice fringes appear in the electron
diffraction pattern and high-resolution transmission electron
micrographs (Fig. 2b). We note that whereas our previous work
using sucrose as a carbon source resulted in the formation of rod-
type carbons13,14, the polymerization of furfuryl alcohol by the
designed catalytic function of the aluminosilicate frameworks
leads to the formation of these pipe-like carbons. The pore-size
distribution curve (obtained by the N2 adsorption isotherm follow-
ing the Barrett±Joyner±Halenda method with calibration15) exhib-
ited two sharp peaks, with the maxima corresponding to the inside
diameter of the carbon cylinders (5.9 nm in Fig. 5 of the Supple-
mentary Information) and the pores formed between the adjacent
cylinders (4.2 nm), respectively. Here, the outside diameter of the
cylinders is controllable by the choice of a template SBA-15 with
suitable pore diameter. But the inside diameter, and consequently
the wall thickness, is controllable in several ways. One way to do this
is by changing the amount of the polymerized furfuryl alcohol using
different polymerization temperatures and reaction times. Another
way is to add more furfuryl alcohol after the initial polymerization
that results in the loss of water.

In such a nanostructured carbon, the pores or channels behave as
individual nanoscale reactors so that chemical reactions are con-
®ned to take place inside the pores, with only limited diffusion
between them. This phenomenon clearly suggests a method of
producing nanoscale materials16. It also means that nanostructured
carbon can be used to support small metal clusters for catalytic17 and
electrocatalytic applications18. High metal dispersion (that is, the
large fraction of atoms located at the surface of the small metal
clusters) is an important design factor for catalysts. High metal
dispersion is useful, not only because it saves expensive metal, but
also in controlling structure sensitivity (for example, the catalytic
selectivity can be changed by decreasing the cluster size). Platinum
clusters as small as 1 nm in diameter can be prepared encased in
faujasite-type zeolites, and these clusters exhibit high stability up to
400 8C19. However, until now, such high metal dispersion combined
with stability has been very dif®cult to obtain with carbons. There
are well known methods for producing high Pt dispersions on
carbon, but the resulting materials are not used as catalysts because

Figure 1 Ordered nanoporous carbon obtained by template synthesis using ordered

mesoporous silica SBA-15. a, TEM image viewed along the direction of the ordered

nanoporous carbon and the corresponding Fourier diffractogram. The image was taken by

a JEOL JEM-4000EX instrument (operated at 400 kV). b, Schematic model for the carbon

structure. The structural model is provided to indicate that the carbon nanopores are

rigidly interconnected into a highly ordered hexagonal array by carbon spacers. The

outside diameter of the carbon structures is controllable by the choice of a template SBA-

15 aluminosilicate with suitable diameter; the inside diameter is controllable by the

amount of the carbon source.
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Figure 2 Long-range and short-range order in the structure of ordered nanoporous

carbon material. a, X-ray diffraction pattern indicating the hexagonal order between

carbon cylinders. The XRD pattern was taken by a Rigaku D/MAX-III instrument (operated

at 3 kW). The (10) diffraction peak is lower than (11) in intensity, owing to the diffraction

interference between the walls and the spacers interconnecting adjacent cylinders.

b, High-resolution TEM image of carbon cylinders and the corresponding Fourier

diffractogram. The image was taken by a JEOL JEM-4000EX instrument (operated at

400 kV). The partially ordered graphitic wall structure not only causes the graphitic lattice

fringes to appear in the high-resolution TEM image but also the electron-diffraction ring

pattern.
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they tend to sinter through Ostwald ripening processes fairly
quickly. This dif®culty motivated numerous studies to improve
metal dispersions on carbons, mainly through optimization of the
metal-supporting procedures or functionalization of the carbon
surface17.

However, we found that such small Pt clusters can be prepared
very easily by using nanostructured carbon as a support, after a
simple incipient-wetness procedure without any surface function-
alization. The supported Pt clusters were prepared with an acetone
solution of hexachloroplatinic acid (see Methods) and characterized
with extended X-ray absorption ®ne structure (EXAFS), high-
resolution TEM and hydrogen chemisorption. The EXAFS result
(a Pt±Pt coordination number of 5.4 as shown in Fig. 6 of the
Supplementary Information) and the hydrogen chemisorption data
(1.5 H atoms per Pt atom) indicate that, when the Pt loading is
2 wt%, the Pt clusters are even smaller than the extremely well
dispersed Pt clusters encased in the supercage (1.3 nm in diameter)
of NaY zeolites19. The cluster size increases with the metal loading,
but the extent of the increase is much smaller than for conventional
porous carbons. Even when the Pt loading is increased to the same
weight of carbon (that is, 50 wt% Pt of the total weight), the Pt
clusters show a very narrow particle-size distribution around
2.5 nm (Fig. 3). On the other hand, in the case of other porous
carbons such as carbon black, activated charcoal and activated
carbon ®bre, the same experiments have resulted in the formation
of much larger Pt particles with a wide distribution of diameters
ranging up to 30 nm.

Nanostructured carbon, capable of supporting Pt clusters with
such high and uniform dispersion, may ®nd the most suitable
application in fuel cell systems20 and as hydrophobic catalysts for
bulky organic compounds17. In fuel cells especially, the high loading
of expensive Pt on carbon black has severely limited their wide-
spread use. With this motivation, we compared the electrocatalytic
activity of carbon-supported Pt in O2 reduction with the activities
of other carbons, using a rotating-disk electrode. The electrode was

prepared by coating 1.5 mg of catalyst (Pt plus carbon) as a thin ®lm
onto glassy carbon (see Methods). The electrocatalytic mass activ-
ities, that is, the electrocatalytic currents per gram of Pt, were
measured at 900 mV with respect to the normal hydrogen electrode,
where the reaction can be considered to occur within the kinetic
controlled regime21±23. The mass activities thus obtained with the
20±50 wt% Pt loadings are much higher than those of the Pt/carbon
black samples onto which the Pt particles were supported, using the
same procedure as for the ordered nanoporous carbon in the
present work (see Fig. 4a). The activity-versus-loading plot for
the Pt/nanoporous carbon shows a surprisingly high peak activity
amounting to 100 A per g Pt at the 33-wt% Pt loading. Such a high
activity indicates that several times higher electrocatalytic currents
can be generated using the same amount of Pt in the case of the
ordered nanoporous carbon. Other investigations have reported a
peak activity ranging from 1.4 to 25 A per g Pt at 900 mV under
similar conditions21±23. Furthermore, the catalytic current of the Pt
ordered nanoporous carbon electrode began to rise much more
sharply at a more positive potential, which directly improved the
cell ef®ciency (Fig. 4b). The advantage seemed to come from the
uniformity of, and the decrease in, the Pt cluster size when Pt is
supported on the nanostructured carbon. Nanostructured carbon
with such properties may also be useful for the construction of fuel
cell anodes that operate with direct methanol oxidation, where high
Pt loading is essential24.

In addition to the powder form, it is also possible to prepare
nanostructured carbon in the form of free-standing thin ®lms by
using porous silica ®lms as templates. The carbon ®lms thus
synthesized retain the shape of the template ®lms (see Fig. 7 in
the Supplementary Information), as well as the hexagonally ordered
arrangement of the ordered nanoporous carbon in the same way as
in the powder form. The development of nanoporous carbons of
such ordered ®lm types may be of great importance in separation
technologies using membranes, whereas chemical vapour deposi-
tion techniques to prepare carbon ®lms largely fail to produce such
highly ordered nanotubes or nanopores. The synthesis technique for
carbon may be combined with the recently developed sol±gel
methods that are suitable for processing the ordered mesoporous
silica templates into the forms of oriented ®bres25 and variously
micro-patterned thin ®lms26,27. It should also be possible to fabricate
micro-bundles of the parallel ordered nanoporous carbon if the
mesoporous silica templates can be patterned by micro ink-jet
printing28 of a surfactant containing a silica sol onto the surface of
substrates. M
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a, Catalytic activity in amperes per gram of Pt measured at a potential of �0.900 V

with respect to the normal hydrogen electrode and at a rotating speed of 10,000 r.p.m. in

0.1 M HClO4 saturated with O2. b, The activity±potential relation for 33-wt% Pt/carbons,

obtained at 10,000 r.p.m. with a scan rate of 50 mV s-1. The activities were measured

on a rotating disk electrode coated with Pt/carbon. The activity of the 33-wt% Pt

ordered nanoporous carbon at �0.900 V is 100 6 16 A per Pt at the 95% con®dence

level.
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Methods
Preparation of Pt clusters, hydrogen chemisorption and EXAFS

One gram of carbon was impregnated with 2 ml acetone containing H2PtCl6, drop by drop
with vigorous agitation. The amount of H2PtCl6 in the solution was varied, depending on
the desired metal loading. After being dried in a 60 8C oven, the impregnated carbon
sample was heated in a H2 ¯ow while increasing the temperature from room temperature
to 300 8C over 2 h. The sample was subsequently outgassed for 2 h at 300 8C, for the
desorption of H2 from the resultant Pt clusters. Hydrogen adsorption isotherms were
measured at room temperature, in situ on the Pt clusters, using a volumetric adsorption
apparatus. The hydrogen chemisorption (the number of H atoms per Pt atom) was
determined by the extrapolation of the adsorption isotherm in the range of 10±30 kPa to
zero pressure. For EXAFS, the sample that was outgassed at 300 8C was cooled to room
temperature and exposed to air. About 0.1 g of the powder sample was pressed into a disk
10 mm in diameter, using polyethylene powder as a binder, and subsequently treated with
H2 at 80 8C. The EXAFS was measured at the Pt LIII edge at room temperature under H2

atmosphere26, using the BL 10B facility at the Photon Factory in Tsukuba. Analysis of the
EXAFS data was carried out by standard methods using the UWXAFS2 program package
as in ref. 19.

Preparation of electrodes and electrocatalytic activity measurements

Twenty milligrams of Pt/C powder and 0.40 ml ethanol containing 5.0 wt% Na®on were
ultrasonically dispersed in 100 ml distilled water. A 30-ml portion of the resultant ink
was dropped onto an electrode surface, which was composed of a glassy carbon core,
3 mm in diameter; the surrounding insulation area was 6 mm in diameter. The ink was
carefully dried in a 70 8C oven so that Pt catalysts could be uniformly coated over the
entire cross-section of the 6-mm diameter area. The electrocatalytic current was
measured at room temperature and a rotating speed of 10,000 r.p.m., in 0.10 M HClO4

saturated with O2.
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Direct dating of ductile shear zones and calculation of uplift/
exhumation rates can be done using various radiometric dating
techniques. But radiometric dating of shallow crustal faulting,
which occurs in the crust's brittle regime, has remained dif®-
cult1±4 because the low temperatures typical of shallow crusted
faults prevent the complete syntectonic mineral recrystalliza-
tion that occurs in deeper faults. Both old (detrital) and newly
grown (authigenic) ®ne-grained phyllosilicates are thus pre-
served in shallow fault zones and therefore their radiometric
ages re¯ect a mixture of both mineral populations. Also, the
loss of 39Ar during neutron irradiation in dating of clay
minerals can produce erroneously old ages. Here we present a
method of characterizing the clay populations in fault gouge,
using X-ray modelling, combined with sample encapsulation,
and show how it can be used to date near-surface fault activity
reliably. We examine fault gouge from the Lewis thrust of the
southern Canadian Rockies, which we determine to be ,52 Myr
old. This result requires the western North America stress regime
to have changed from contraction to extension in only a few
million years during the Eocene. We also estimate the uplift/
exhumation age and sedimentary source of these rocks to be
,172 Myr.

Dating of shallow faults is, among other things, critical for our
understanding of crustal evolution, plate interaction and fault
reactivation, but there are two obstacles to radiometric dating of
clay-rich fault rocks: (1) 39Ar recoil in 40Ar/39Ar chronology and (2)
`contamination' of samples from old, detrital material. The momen-
tum transfer that occurs during the 39K�n:p:� !39Ar reaction is
suf®cient to move a produced Ar atom about 0.1 mm from the site of
the original K atom, which, for clay minerals, can be much greater
than the average grain thickness. Thus, one expects massive losses of
39Ar during neutron irradiation, which would lead to erroneously
old ages. Vacuum-encapsulated irradiation has been developed as a
solution to the recoil problem5±8. The second problem, a mixed age
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