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ABSTRACT: We report nanosize-induced hydrogen
storage in Ir, which does not absorb hydrogen in its bulk
form. The mean diameter of the obtained Ir nanoparticles
was estimated as 1.5 ± 0.5 nm by transmission electron
microscopy. Hydrogen storage was confirmed by solid-
state 2H NMR and hydrogen pressure−composition
isotherm measurements.

Recently, metal nanoparticles have attracted attention not
only for new electronic, magnetic, optical, and catalytic

properties but also for new types of hydrogen-storage alloys.1,2

Much attention regarding hydrogen storage has been focused
on nanoparticles of hydride-forming metals that can absorb
hydrogen in the bulk state,3 but there have been few reports on
nanosize effects on the non-hydride-forming elements.
Iridium is an important transition-metal catalyst for

promoting alkene, aldehyde, and ketone hydrogenation,4

although it does not form a hydride (Ir−H).5 In particular,
for acetone hydrogenation to 2-propanol, which is a useful
chemical in various applications such as chemical heat pumps
and fuel cells, Ir nanoparticles provide exceptional activity, with
the highest selectivity (95% 2-propanol) at the highest
conversion (100%) for any catalyst reported to date. As its
bulk metal is almost inactive for the hydrogenation reaction, the
decrease in the size is of considerable significance in providing
the great catalytic activity. From these high catalytic activities
mentioned above, Ir is expected to show nanosize-induced
hydride formation. This paper discusses the hydrogen-storage
capability of Ir nanoparticles even though bulk Ir does not
absorb hydrogen.5

It is well-known that metal nanoparticles show chemical and
physical properties that differ from those of the bulk metals.
Their unique properties are based on their high surface-to-
volume ratio and quantum size effects.6 In particular, nanosized
metals show characteristic phase behaviors, such as a lowering
of their melting point7 and spontaneous alloying.8 As the
hydrogen-storage properties of a metal are strongly related to
its electronic state,5 metal nanoparticles are expected to show
specific hydrogen-storage properties according to their

structure or size.3,9 We have shown that compared with bulk
Pd, hydrogen atoms are strongly trapped inside Pd nano-
particles because of the formation of stable Pd−H bonds.3a The
nanosize effect is expected to allow us to develop nanosize-
induced hydrogen-storage materials in non-hydride-forming
metals, such as Fe, Ru, Pt, and Ir, as these metals have a strong
affinity toward hydrogen molecules. Here we report on the
hydrogen-storage capability in Ir induced by the nanosize effect.
Poly(N-vinyl-2-pyrrolidone) (PVP)-protected Ir nanopar-

ticles were prepared by the alcoholic reduction of iridium(III)
chloride in the presence of PVP. An aqueous solution of IrCl3
was added to an ethanol solution of PVP, and the mixture was
refluxed for 3 h with vigorous stirring. During reflux, the color
of the solution turned to dark-brown, indicating the generation
of a colloidal dispersion of Ir nanoparticles. The UV−vis
spectrum of the Ir precursor solution showed absorption peaks
at 440 and 490 nm, which correspond to a ligand-to-metal
charge-transfer transition.10 After thermolytic reduction by
ethanol, these absorption peaks completely disappeared,
indicating that the Ir3+ ions had been reduced to Ir(0) during
reflux (Figure S1 in the Supporting Information). X-ray
photoelectron spectroscopy (XPS) revealed that the Ir
nanoparticles exhibited two energy bands at 64.2 and 61.3
eV, which are typical values for the 4f5/2 and 4f7/2 electrons of
metallic Ir(0) (Figure 1a). As shown in Figure 1b, Ir
nanoparticles showed a powder X-ray diffraction (PXRD)
pattern originating from a single face-centered-cubic (fcc)
lattice. Compared with the diffraction peaks of a bulk Ir sample,
those of the Ir nanoparticles are extremely broadened,
indicating that the size of the nanoparticles is small (estimated
as 1.0 nm using the Scherrer equation). These results
demonstrate the formation of Ir nanoparticles by the alcoholic
reduction method.
Transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) images of the obtained Ir
nanoparticles are shown in Figure 2. It was found that the
synthesized nanoparticles were monodisperse, and the mean
diameter was estimated to be 1.5 ± 0.5 nm, which is consistent
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with the crystal size of 1.0 nm estimated from the Le Bail fitting
of the PXRD pattern. In the HRTEM image, the nanoparticles
exhibited well-defined crystalline lattice fringes, and the
diameter was estimated to be 0.22 nm, in agreement with the
Ir(111) lattice plane.
It is known that hydrogen molecules are dissociated into

hydrogen atoms on metal surfaces and that the individual atoms
permeate inside the metal lattice to form metal−hydrogen
bonds. To elucidate the interstitial 2H atoms following
hydrogen absorption in Ir nanoparticles, we performed solid-
state 2H NMR measurements. As shown in Figure 3a, a broad
absorption line with a full width at half-maximum (fwhm) of ca.
100 ppm and a sharp line around 0 ppm were observed. In the
spectra for 2H2 gas and bulk Ir, only an absorption line at 3.4
ppm was observed (Figure 3b,c). It is reasonable to attribute
the sharp component in the spectrum of the Ir particles to free
deuterium gas (2H2) and the broad component to deuterium
atoms (2H) absorbed in the particles. This broad component
for Ir nanoparticles is attributed to deuterium atoms (2H)
whose motions are restricted to within the Ir lattice. Our NMR
experimental results clearly demonstrate the existence of a

hydrogen-storage capacity in Ir induced by the nanosize of the
particles, while bulk Ir does not absorb hydrogen.
The pressure−composition (PC) isotherms of the Ir samples

were measured to quantify how much hydrogen was absorbed
by the Ir nanoparticles. As shown in Figure 4, the hydrogen

concentration (H/Ir ratio) of Ir nanoparticles increased with
increasing hydrogen pressure at 303 K, while the bulk Ir sample
did not absorb hydrogen at all. This result indicates nanosize-
induced hydrogen storage in a metal that does not absorb
hydrogen in the bulk form. Hysteresis in the hydrogen
absorption/desorption curve was observed, implying hydride
formation (Ir−H) in the Ir lattice. Interestingly, a dependence
of the hydrogen concentration on the measurement temper-
ature was clearly observed. The concentrations of hydrogen
absorbed at a hydrogen pressure of 101.3 kPa were 0.18, 0.16,
and 0.15 H/Ir at 303, 333, and 373 K, respectively. The
concentration increased with decreasing measurement temper-
ature, indicating that hydrogen-storage processes involve an
exothermic reaction between Ir nanoparticles and hydrogen
atoms. The nanosize provides a favorable environment for
hydrogen absorption in Ir.
It is well-known that hydrogen atoms absorbed in metal or a

metal electrode have much stronger reducing power.11 The

Figure 1. (a) XPS spectra and (b) PXRD patterns of Ir nanoparticles
and bulk Ir.

Figure 2. (a) TEM and (b) HRTEM images of Ir nanoparticles.

Figure 3. (a) Solid-state 2H NMR spectrum of (a) Ir nanoparticles.
The spectra of (b) a bulk Ir sample and (c) 2H2 gas were also
measured for reference. All of the samples were measured at a 2H2 gas
pressure of 86.7 kPa at 303 K.

Figure 4. PC isotherms of bulk Ir at 303 K (black) and Ir
nanoparticles at 303 K (blue), 333 K (green), and 373 K (red). The
H/Ir ratio shows the number of hydrogen atoms divided by the total
number of Ir atoms.
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high catalytic activity for the hydrogenation reaction observed
in Ir nanoparticles may originate not only from the high
surface-to-volume ratio but also from the absorbed hydrogen
atoms. The discovery of nanosize-induced hydrogen storage in
Ir suggests that the catalysis mechanism associated with
hydrogen is related to highly concentrated hydrogen atoms
on the subsurface of the metal.
In summary, we have for the first time demonstrated the

existence of a hydrogen-storage capacity in Ir induced by the
nanosize of the particles, while bulk Ir does not absorb
hydrogen. The specific size that induces a hydrogen-storage
capability in Ir is currently under investigation. We believe that
the results reported here will contribute not only to the
development of novel hydrogen absorption nanostructured
materials but also to clarification of the catalysis mechanism
associated with hydrogen.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details and electronic spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
hkobayashi@icems.kyoto-u.ac.jp; kitagawa@kuchem.kyoto-u.ac.
jp
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was partially supported by Grants-in-Aid for the
Global COE Program, “Science for Future Molecular Systems”
and the Elements Science and Technology Project from
MEXT, Japan, and by the Asahi Glass Foundation.

■ REFERENCES
(1) (a) Sun, S.; Murray, C. B.; Weller, D.; Folks, L.; Moser, A. Science
2000, 287, 1989. (b) Freeman, R. G.; Allison, K. J.; Bright, R. M.;
Davis, J. A.; Guthrie, A. P.; Hommer, M. B.; Jackson, M. A.; Smith, P.
C.; Walter, D. G.; Natan, M. J. Science 1995, 267, 1629. (c) Andres, R.
P.; Bielefeld, J. D.; Henderson, J. I.; Janes, D. B.; Kolagunta, V. R.;
Kubiak, C. P.; Mahoney, W. J.; Osifchin, R. G. Science 1996, 273, 1690.
(2) (a) Qiu, L.; Liu, F.; Zhao, L.; Yang, W.; Jiannian, Y. Langmuir
2006, 22, 4480. (b) Roucoux, A.; Schulz, J.; Patin, H. Chem. Rev. 2002,
102, 3757. (c) Besson, C.; Finney, E. E.; Finke, R. G. J. Am. Chem. Soc.
2005, 127, 8179.
(3) (a) Kobayashi, H.; Yamauchi, M.; Kitagawa, H.; Kubota, Y.; Kato,
K.; Takata, M. J. Am. Chem. Soc. 2008, 130, 1828. (b) Kobayashi, H.;
Yamauchi, M.; Kitagawa, H.; Kubota, Y.; Kato, K.; Takata, M. J. Am.
Chem. Soc. 2010, 132, 5576. (c) Kobayashi, H.; Yamauchi, M.; Ikeda,
R.; Kitagawa, H. Chem. Commun. 2009, 4806. (d) Yamauchi, M.;
Kobayashi, H.; Kitagawa, H. ChemPhysChem 2009, 10, 2566.
(e) Adams, D. B.; Wu, G.; Nigro, S.; Chen, A. J. Am. Chem. Soc.
2009, 131, 6930. (f) Kobayashi, H.; Yamauchi, M.; Kitagawa, H.;
Kubota, Y.; Kato, K.; Takata, M. J. Am. Chem. Soc. 2008, 130, 1818.
(g) Horinouchi, S.; Yamanoi, Y.; Yonezawa, T.; Mouri, T.; Nishihara,
H. Langmuir 2006, 22, 1880. (h) Shao, H.; Wang, Y.; Xu, H.; Li, X. J.
Solid State Chem. 2005, 178, 2211. (i) Kishore, S.; Nelson, J. A.; Adair,
J. H.; Eklund, P. C. J. Alloys Compd. 2005, 389, 234. (j) Yavari, A. R.;
LeMoulec, A.; de Castro, F. R.; Deledda, S.; Friedrichs, O.; Botta, W.
J.; Vaughan, G.; Klassen, T.; Fernandez, A.; Kvick, Å. Scr. Mater. 2005,
52, 719. (k) Sun, Y.; Tao, Z.; Chen, J.; Herricks, T.; Xia, Y. J. Am.
Chem. Soc. 2004, 126, 5940. (l) Shao, H.; Xu, H.; Wang, Y.; Li, X. J.
Solid State Chem. 2004, 177, 3626. (m) Callejas, M. A.; Ansο ́n, A.;
Benito, A. M.; Maser, W.; Fierro, J. L. G.; Sanjuań, M. L.; Martínez, M.
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