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ABSTRACT: Using in situ electrical conductivity and ex situ X-ray photoelectron
spectroscopy (XPS) measurements, we have examined how the hydrogen uptake of
single-walled carbon nanotubes (SWNTs) is influenced by the addition of Pt
nanoparticles. The conductivity of platinum-sputtered single-walled carbon nano-
tubes (Pt-SWNTs) during molecular hydrogen exposure decreased more rapidly
than that of the corresponding pure SWNTs, which supports a hydrogenation
mechanism facilitated by “spillover” of dissociated hydrogen from the Pt nano-
particles. C 1s XPS spectra indicate that the Pt-SWNT's store hydrogen by means of
chemisorption, that is, covalent C—H bond formation: molecular hydrogen
charging at elevated s (8.27 bar) and room temperature yielded Pt-SWNTs
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with up to 16 = 1.5 at. % sp>-hybridized carbon atoms, which corresponds to a hydrogen-storage capacity of 1.2 wt % (excluding the
weight of Pt nanoparticles). Pt-SWNTs prepared by the Langmuir—Blodgett (LB) technique exhibited the highest Pt/SWNT ratio

and also the best hydrogen uptake.

1. INTRODUCTION

The proposal of Dillon et al." that carbon nanotubes (CN'Ts)
could store large quantities of hydrogen by physisorption has led
many groups to investigate the possibility of CNT-based hydro-
gen-storage materials. While it remains to be shown that
significant amounts of hydrogen can be stored in CNTs using
physisorption, theoretical predictions suggest that it is possible to
achieve 100% hydrogenation of SWNTs (ie., one H atom per
one C atom) through a chemisorption mechanism in which
stable C—H bonds are formed.” Such a mechanism would
involve the breakmg of the C—C m-bonds and the conversion
of C atoms from sp” to sp> hybridization upon coordination with
hydrogen. It has also been shown that the C—H bonds thus
formed would be stable if the CN'T's were of optimum curvature.”
One could therefore systematically tune the chemical reactivity
of CNTs toward hydrogen by changing their diameter.”

SWNTs treated with hydrogen plasma were found to exhibit
increased resistance arising from a widened band gap;* this is
consistent with the formation of C—H chemical bonds. Previous
works have shown that hydrogen plasma can induce C—H
bonds in SWNTs, which were detected usmg valence band
photoemission® and infrared spectroscopies.” Moreover, X-ray
absorption (XAS) and X-ray photoelectron (XPS) spectrosco-
pies have recently shown that atomic hydrogen interacts rever-
sibly with carbon atoms in CNTs, yielding stable C—H bonds
that can be removed by heating to 200—300 °C.”~® By providing
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information about the presence of C—H bonds (through the C
1s shift) and allowing for the quantification of the number of such
bonds per carbon atom,””*® XPS studies have demonstrated that
for specific SWNTs an atomic hydrogen source can hydrogenate
almost 100% of the nanotubes.” These results suggest that
by chemisorbing hydrogen on SWNTs, it may be possible to
approach hydrogen storage capacities of 7.7 wt % (corresponding
to 100% hydrogenation), which would render such materials
technologically viable for hydrogen-storage devices.

While previous studies have generated large concentratlons of
C—H bonds usmg an atomic hydrogen source’”” and hydrogen
plasma source,” the practical implementation of hydrogen storage
in CNTs requires the development of low-barrier pathways for
hydrogen dissociation. One potential pathway could be to take
advantage of the “spillover” mechanism, in which molecular
hydrogen spontaneously dissociates on a metal catalyst (usually
platinum, palladium, ruthenium, or nickel'") in intimate contact
with the carbon support, producing mobile H atoms that spill
over onto the CNTs. However, despite efforts by several
groups to address the role of spillover in the hydrogen uptake
of carbon nanofibers, activated carbon, and other carbon-based
materials,">~ ¢ both the validity of the spillover mechanism and
the possibility of significant hydrogen storage in CNTs remain
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Figure 1. SEM images of (a) dense and (b) sparse distributions of CVD-grown SWNTs, (c) spincast HIPCO SWNTs, and (d) an LB film. (e) AFM
image of an LB film. (f) Representative Raman spectrum of HIPCO SWNTs.

controversial because very few studies have specifically examined
whether C—H chemical bonds could form through a spillover
mechanism: to the best of our knowledge, the only such experi-
ments are inelastic neutron-scattering (INS) performed on
metal—carbon fuel cell catalysts dosed with hydrogen, which
probed dissociated hydrogen species adsorbed onto the to the
carbon support.'” Similar INS experiments performed on carbon
fibers sputtered with palladium provide evidence of the spillover
mechanism.'® Other experiments validating the spillover mechan-
ism are the study of electrical conductivity and infrared absorption
(IR) studies' and isotope exchange TPD experiments™ for
hydrogen uptake in metal/carbon composites. To further the
potential of nanotubes as hydrogen-storage materials using
molecular hydrogen as the precursor source for hydrogen
loading at nearly ambient conditions, it is therefore important
to establish clear evidence of a spillover mechanism with a metal
catalyst.

In the present Article, we report that on the basis of in situ
electrical conductivity and ex situ XPS measurements, a hydro-
gen spillover indeed takes place in Pt-SWNT composites. Con-
ductivity measurements clearly show a steady increase in the
resistance of the Pt-SWNTs during exposure to molecular
hydrogen gas, which is consistent with a transition of the carbon
atoms in the SWNTSs from s.p2 to sp3 hybridization. Moreover,
XPS measurements confirm that up to 16 £ 1.5 at. % of the
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carbon atoms in the composites rehybridize from sp” to sp’;
these effects are most enhanced for SWNTs that are dispersed
into small bundles using the Langmuir—Blodgett method,?!
which yields the highest Pt coverage on the SWNT surface.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation. The SWNTs employed in the present
study were from two different sources: (i) CVD-grown SWNTs, and (i)
commercially procured HiPCO SWNTs. The CVD-grown samples
were grown in an atmospheric chemical-vapor deposition (CVD)
system utilizing isopropanol as the carbon source. The growth tempera-
ture was varied from 700 to 800 °C to change the density of SWNTSs in
the film and the overall film thickness. Different gas flow rates were also
used to influence the density and thickness of the films produced. To
generate samples that could be used directly in subsequent conductivity
and XPS measurements, the SWNTs were grown on a 2 A thick film of
cobalt metal deposited on silicon oxide wafers with S0 nm of oxide; see
Figure la and b. The advantage of this preparation method is that it was
not necessary to use any further treatment procedure; that is, we did not
need to mix the SWNT's with any alcohol or surfactant to obtain a well-
dispersed film.

The HiPCO SWNTs were used to prepare samples by two different
methods. For the thicker samples, the SWNTs were dispersed in
isopropanol (1 mg/10 mL), sonicated for 15 min, and then spin-cast
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Figure 2. (a) Change in resistance of Pt-HiPCO CNT composites upon molecular hydrogen exposure with and without Pt nanoparticles, (b) change in
resistance of a polycrystalline Pt film upon exposure to hydrogen, (c) resistance changes in the Pt-CNTs composites under cycling the hydrogen

exposure pressure, and (d) cycling for polycrystalline Pt film.

on a quartz slide (Figure 1c). Before Pt deposition, the samples were
annealed in an evacuated chamber at 250 °C for 1 h to evaporate residual
alcohol. To maintain uniformity of the samples, the same deposition
steps were rigorously followed each time. While the preparatory ease of
this method is a major advantage, it yielded thick films composed of
bundled SWNTs, which consequently had the lowest Pt/SWNT ratio of
all the films we prepared.

The optimal SWNT film for hydrogen storage would be a uniform
monolayer of unbundled SWNTs; such a film is expected to allow for the
highest loading with Pt and therefore the highest hydrogen-storage
capacity on a weight-percent basis. To unbundle the tubes, we per-
formed a density-gradient-centrifugation (DGC) rate (zonal) separation
for sodium-cholate suspended SWNTs through an iodixanol step-
gradient at 300 000g. This method separates nanotubes by mass, with
fractions rich in single tubes floating on top of the column and bundles
settling at the lower parts of the centrifuge column; long, individual
SWNTs can be obtained from the top fractions and characterized by
spectroscopic methods. Xiaolin et al.”! used individual tubes extracted in
this manner to prepare monolayer assemblies of SWNT films by the
Langmuir—Blodgett (LB) method, in which SWNTs functionalized by
PmPV were dispersed in 1,2-dichloroethane. These authors additionally
observed that pressure cycling during LB-film compression facilitates
high-degree alignment and packing of SWNTs. Figure 1d and e shows
SEM and AFM images of SWNT films prepared on silicon with a thin
layer of native oxide using the LB technique. Once the LB films formed,
they were calcinated to remove organic solvents, surfactants, and any
other remaining contaminants. One disadvantage of this technique is
that the SWNT's undergo a number of processing steps that could give
rise to organic contaminants that persist even after calcination; spectro-
scopic data from LB films must therefore be interpreted with some
caution.

By comparison of the Raman spectra of HIPCO SWNTs obtained
using three different excitation lasers (Figure le) with the Kataura plot,”
we estimate a diameter range for these samples of 0.8—1.6 nm; the
estimated diameter range of the CVD-grown SWNTs is similar.
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For deposition of Pt nanoparticles onto the nanotube samples, the
SWNT is first annealed at 250 °C in a vacuum. Sputter deposition of Pt
was performed in a load-locked chamber at Ar pressures of 1.5—5 x 10>
Torr with a target bias in the several hundred volts range. The deposition rate
was monitored with a quartz crystal microbalance, which was calibrated
using the actual film thickness measured by X-ray reflectivity. The
reported Pt thicknesses were the nominal values assuming the Pt had
deposited as a uniform thickness film. A pure, polycrystalline Pt film was
also prepared by sputter depositing of a 6 A thick layer onto an oxidized
Si wafer.

2.2. Electrical Conductivity Measurements. To study the
change in conductivity of the Pt-sputtered SWNT films during hydrogen
charging, in situ four-probe tests on SWNTs deposited onto quartz were
performed. A constant current was passed through the outer probes, and
the potential difference between the two inner probes was monitored as
a function of charging time. By using four probes rather than a
conventional two-probe setup, any changes in measured conductivity
arising from variations in the contact resistance were eliminated.
Platinum metal pads were sputter deposited on the SWNT film, to
facilitate good electrical contact with the four probes. (More information
about experimental setup for this study can be found in the Supporting
Information.)

2.3. XPS Measurements. Ex situ XPS measurements of the C 1s
and Pt 4f core-levels were performed on Pt-SWNT composites before
and after hydrogen charging to establish the presence of C—H bonds.”®
LB films and CVD-grown SWNT films were chosen for the XPS studies,
because they showed the largest hydrogen uptake based on our
conductivity studies.

The samples were annealed overnight in an evacuated chamber at
250 °C, and reference C 1s and Pt 4f XPS spectra of these clean samples
were recorded. The clean Pt-SWNTSs were subsequently exposed to
molecular hydrogen at a pressure of 8.27 bar for 6 h. After the hydrogen
treatment, the samples were placed inside a glovebag containing forming
gas (5% H,/95% N,) to minimize exposure to air while transferring the
samples to the XPS chamber for analysis. The XPS measurements were
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Figure 3. (a) Change in resistance of Pt-SWNTs with different nominal thicknesses of Pt. (b) Change in resistance of different SWNT films with the

same nominal thickness of Pt (6 A).

conducted at the elliptical-undulator beamline 13-2 of the Stanford
Synchrotron Radiation Lightsource in a UHV chamber equipped with
an electron-energy analyzer (Scienta R3000). All XPS spectra (C 1s and
Pt 4f) were recorded with a total resolution of 250 meV and incident
photon energy of 400 eV.

3. RESULTS AND DISCUSSION

Figure 2 shows a typical current response for the Pt-HiPCO
composite samples under exposure to molecular hydrogen,
which were bundled and therefore had the lowest Pt to SWNT
ratio. The absolute resistance values of LB films and CVD grown
CNT films were 0.9 MQ2 and 1.1 K, while those for Pt-LB film
composite and Pt-CVD CNT composite were 0.8 M€2 and 1 K.
The relative change in resistance (AR/R,) upon hydrogen
exposure appears to saturate at a value 4 times greater than that
of the corresponding platinum-free HiPCO. Also shown in
Figure 2b is the current response of a pure Pt film, which
increases rapidly at first before leveling off due to a shift of the
Pt Fermi level induced by hydrogen chemisorption. Interestingly,
the resistance of the Pt-HiPCO composite continues to increase
long after the conductivity of the pure Pt film saturates, which
suggests that hydrogen dissociation on the Pt catalyst is not the
rate-determining step in the spillover mechanism.

Figure 2c depicts the change in resistance of a Pt-HiPCO
composite (with 6 A Pt) during different cycles of hydrogenation,
evacuation, and exposure to air, while Figure 2d shows the results
of the same treatment for a pure Pt film. While the resistance of
the pure Pt film increases on exposure to air, that of the Pt-
HiPCO composite decreases very slightly. The current-response
behavior of the pure Pt film may be attributable to the oxidation
of chemisorbed hydrogen with oxygen;23 because this effect
could not be seen for Pt-SWNTs, the conductivity change of
the Pt-SWNT composites cannot arise from a change in the work
function of Pt in a Schottky-type, Pt-SWNT contact diode.

Next, we studied the increase in resistance of the films as a
function of the nominal thickness of the sputter deposited Pt.
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This is shown in Figure 3a. The sputtered Pt film does not wet the
SWNT surface, but, as mentioned before, it aggregates into
particles. The size and distribution of the particles formed
depend on the thickness of the sputtered Pt. This study was
done to find the optimal catalyst particle size. With increase in
nominal thickness of the catalyst particles, the normalized
resistance initially increases to an optimal level, beyond which
it decreases. The optimal thickness of the deposited Pt film is 6 A
(corresponding to a particle diameter of 2.05 & 0.36 nm). This
optimal thickness for maximum hydrogen uptake supports the
hydrogen uptake measurements with the Sievert’s apparatus,™
where it was observed that the hydrogen uptake by a Pt-SWNT
composite film varies linearly with the density of the Pt particles.
With an increase in the nominal thickness of the Pt film, the
density as well as the size of the catalyst particles increase. Yet,
beyond a certain thickness of sputtered film, the Pt particles start
agglomerating, thus decreasing the number density of the
particles and hence decreasing the extent of H spillover onto
the SWNT surface. The particle sizes increase from nominal
thickness of 2 A (corresponding to particle size of 1.14 +
0.28 nm) to nominal thickness of 6 A with an increase in number
density of Pt nanoparticles on the SWNTSs. Around a nominal
thickness of 10 A, reduction in the number density of Pt
nanoparticles was observed; see the Supporting Information
for TEM morphologies of SWNTS with different amounts of
deposited Pt.

For the next experimental set, the nominal thickness of the
sputtered Pt was kept constant (6 A, the optimal nominal
thickness determined from the previous set of experiments),
but the thickness of the SWNT was varied. For this study, five
different SWNT films were used: HIPCO SWNT dispersed in
isopropanol and spin-cast on glass, dense and sparse distributions
of horizontal SWNT mats grown from Co catalysts on glass, and
finally two monolayer thick SWNT films of varying densities
assembled by the Langmuir—Blodgett (LB) method. The resis-
tances of the films so prepared are inversely proportional to the
thicknesses. It is to be noted that the resistances of the films
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Figure 4. (a) C 1s XPS spectra before (black line) and after (blue line) hydrogen charging for a CVD-grown SWNT film with 6 A Pt; the peak maxima of
both spectra are normalized to enhance differences in the peak shapes. Gaussian—Lorentzian deconvolution (see text for details) of C 1s XPS spectra of
the CVD-grown CVD film (b) before and (c) after hydrogen charging: raw data (blue O); total fit (red line); sp>-C peak (black line); sp*-C peak (green
line); additional third peak due to hydrogen-induced metal-to-semiconductor transition (orange line). Note that all peaks in (b) and (c) are offset
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incident photon energy is 400 eV.

before and after Pt deposition remain almost the same, implying that
the sputtered Pt even for the LB films are not continuous but are in
the form of catalyst particles dispersed on the nanotube surface.
Hydrogen uptake by the Pt-SWNT composites has a strong
dependence on the thicknesses of the SWNT mats (Figure 3b).
The sparse SWNT LB films show an increase of more than an order
of magnitude in normalized change in resistance values as compared
to the HIPCO SWNT films spun-cast on glass. This dependence is
attributed to the numerical density of Pt particles per area of the
SWNT film exposed to hydrogenation, which is the least for the
thick HIPCO films and highest for the LB films. Thus, for maximum
hydrogen storage, it is necessary to obtain a uniform dispersion of
monolayer thick unbundled SWNTSs, doped with optimal size and
density of Pt catalyst particles. This will ensure a high specific
hydrogen uptake per weight of Pt-SWNT composite.
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To understand the origin of resistance change upon hydro-
gen treatment, XPS measurements were performed before and
after hydrogen exposure for CVD-grown (CVD) and LB-film
samples with a nominal 6 A thickness of deposited Pt. The C 1s
spectra are shown in Figures 4 and S, with the binding energy
referenced to the Fermi level. The full-width at half-maximum
(fwhm) of the C 1s spectra of the Pt-SWNT composites before
hydrogen charging is 1.4 and 1.15 eV for the CVD-grown
SWNTs (Figure 4a) and LB films (Figure Sa), respectively.
The increased fwhm associated with CVD-grown samples as
compared to the LB films could arise from a higher defect
density or a different diameter distribution of the nanotubes we
examined.

Peak fitting of all XPS C 1s spectra was performed
after subtraction of a Shirley-type background.” For both the

dx.doi.org/10.1021/ja200403m |J. Am. Chem. Soc. 2011, 133, 5580-5586
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CVD-grown and the LB-film composites, we were able to fit the
spectra acquired before hydrogen exposure with a single asym-
metric Gaussian—Lorentzian (GL) component centered at
284.8 eV (Figures 4b and 5b), which is consistent with an sp’-
hybridization of the C atoms;” the asymmetric tail of these
spectra could be attributed to electron—hole pair excitations at
the Fermi level arising from the metallic nature of the CNTs. The
ratio of the peak to the tail intensity was maintained for all of the
cases during the process of peak fitting.

After exposure to hydrogen at a pressure of 8.27 bar (120 psi)
for 6 h, the fwhm of the C 1s spectrum of the CVD-grown
SWNTs increased to 1.5 eV (Figure 4a), while that of the LB
films increased to 1.35 eV (Figure Sa). Moreover, significant
changes in the peak shape of the C 1s spectra are clearly visible in
the high-binding-energy region: in addition to the previously
observed peak associated with sp>-hybridized carbon, a new
feature, which we fitted using a symmetric GL with 2 eV fwhm,
appears at ~0.85 eV higher energy. This new spectral contribu-
tion is a351gned to C atoms that have undergone rehybridization
from sp> to sp” due to the breaking of C—C 7r-bonds and C—H
bond formation”® and can be seen as direct evidence for the
proposed spillover effect. While the fwhm of the sp> peak of pure
SWNTs followmg hydrogenation was reported to be 1 eV by
Nikitin et al,,” we speculate that in the present study this feature is
broadened by the strong interaction of the Pt nanoparticles with
the nanotubes.

Furthermore, an additional peak at 288 eV (separated by
~+3.3 eV from the main sp> C1s peak) can be detected for both
hydrogenated samples, but with a higher intensity in the CVD-
grown sample. A very similar feature can be observed when we
hydrogenate pure SWNT's with atomlc hydrogen;” in this case,
the third feature is shifted from the sp>-C peak by ~ +2.1 V. We
conjecture that this additional peak arises from a metal-to-
semiconductor transition of the nanotubes that is induced by
hydrogenation. The decrease in conductivity accompanying such
a transition can cause a reduction of the core-hole screening that
increases the final-state energy by ~2—3 eV. Alternatively, the
creation of a band gap can give rise to a shakeup line: this results
in an additional shift of the C 1s peak toward higher binding
energies for a less screened final state. One might speculate that
the additional peak at 288 eV could originate from a C—O
species, introduced either by a reaction of SWNT's with oxygen,
or by the adsorption of carbon monoxide, which is present in the
residual gas of the UHV chamber, on the Pt nanoparticles. The
former interpretation would be highly unreasonable given the
strongly reducing conditions of hydrogen exposure. The latter,
CO adsorption on Pt nanoparticles can be clearly ruled out by
examining the Pt 4f region in the XPS. Chemisorbed CO on

Pt bridge and on-top sites would cause chemical shifts of 4-0.7
and +1.5 eV with respect to the bulk peak of clean Pt,
respectively.”® Such features do not appear in our measurement
after the hydrogenation of Pt-SWNT; instead, we observe further
sharpening of the Pt 4f peaks upon hydrogen exposure
(Figure 6). The sharpening could be explained by the process
of removing adsorbed CO from the surface of Pt, replacing it with
an adsorbed layer of hydrogen. We can thus confirm that the new
feature at 288 eV originates from the SWNT metal-to-semicon-
ductor transition caused by C—H bond formation. This finding is
also in very good agreement with the conductivity decrease
measured in situ.

By deconvoluting the XPS spectra, we can estimate the
percenta§e of carbon atoms that have undergone a change from
sp” to sp” hybridization, which can in turn be used to determine
the hydrogen-weight capacity of the Pt-SWNT composites. The
relative weights of the sp> (sp’) peaks are 0.84 (0.17) for the LB-
film composite and 0.87 (0.13) for the CVD-grown composite.
The third peak at 288 eV has a relative weight of ~0.05 in both
samples. Because the fraction of hydrogenated carbon atoms is
proportional to the relative peak intensity, we obtain atomic-
hydrogen percentages of 16 £ 1.5 at. % for the LB flmand 12 £ 1
at. % for the CVD-grown film (errors are given as standard
deviation of the peak fits normalized to the total peak area).
Because the hydrogen-weight capacity of a fully hydrogenated
SWNT is 7.7 wt %, the weight-percentage hydrogen uptake is
1.2 wt % for LB films and 1 wt % for the CVD-grown films
(excluding the weight of the deposited Pt nanoparticle catalyst).

These results indicate that it is possible to hydrogenate CNTs
using molecular hydrogen and a Pt catalyst with the spillover
mechanism. The bonding between Pt—C could involve the
interaction of the 7-electron system of the CNTs with the Pt-d
states similar to what have been observed upon chemisorption of
benzene on metal surfaces.”” > The observation that the Pt does
not wet the nanotube, but rather aggregates into nanoparticles, is
strong evidence the Pt—C bonds are not strong. The diffusion of
hydrogen from the surface of the Pt nanoparticles to the CNTs
may be facilitated by interaction between Pt and CNTs; theore-
tical studies can provide further insight in this regard.

Because the barrier for the diffusion of atomic hydrogen on
SWNTs is quite large (~0.7 €V),” it is likely that in the
composites studied here only a small region close to the Pt
nanoparticles is hydrogenated. While longer diffusion lengths can
be achieved by using higher temperatures, we expect that such
conditions will significantly improve hydrogen storage only if
hydrogen desorption from the Pt nanoparticles is counteracted
by increasing the pressure. To achieve 100% hydrogenation via
hydrogen spillover, it is also essential that the Pt catalyst is very
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evenly dispersed over the surface of the SWNTs; this is only
possible with nonbundled nanotubes, for which a high Pt-to-C
dispersion can be achieved.

4. CONCLUSIONS

In the present Article, we have demonstrated, using both
in situ conductivity and ex situ XPS studies of Pt-SWNTs, that
the spillover mechanism is responsible for hydrogenation of Pt-
SWNT composites using molecular hydrogen. We have also
shown that these materials store hydrogen by chemisorption,
that is, the formation of stable C—H bonds. CNTs doped with
suitable metal catalysts consequently represent viable materials
for hydrogen storage. We have further identified that there is an
optimal platinum catalyst particle size of ~2 nm (which corre-
sponds to nominal thickness of 6 A) that needs to be deposited
onto the SWNTs for maximal hydrogen uptake, which corre-
sponds well with the previously reported value.** The hydrogen
uptake due to exposure to molecular hydrogen of ~8.27 bar,
quantified by XPS, indicates 1.2 wt % hydrogen storage for LB-
film composites and 1 wt % for CVD-grown CVD composites.
This storage capacity may be increased by improving the kinetics
of atomic-hydrogen diffusion from the Pt catalyst to the SWNT
support and also by employing nonbundled CNTs with an
increased Pt-to-C dispersion.
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