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Hydrogen absorption in b.c.c. and f.c.c. nanoparticles was investigated using molecular dynamics simu-
lation with systematic variance of the M-H potential function parameters. Three patterns of hydrogen
distribution in nanoparticles, non-absorbing, homogeneous absorbing, and forming a hydrogen-rich sur-
face layer were observed depending on the assumed potential parameter values. Simulated P-Cisotherms

of nanoparticles show similarity with experimental ones. Variation of the metallic lattice because of
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and particle size.

hydrogenation was observed as transitions to b.c.t., icosahedral, or amorphous phases. Generation of
grain boundary was observed to accompany these lattice transformations. The simulated P-C isotherms
and structural variation were discussed in relation to the assumed potential parameters, temperature,

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metallic nanoparticles have been regarded as potentially useful
materials for hydrogen storage because of the large surface area
relative to the bulk region, which is advantageous for hydrogen
absorption and desorption. Hydrogen absorption in nanoparti-
cles has been studied mainly on Pd nanoparticles [1-9]. Pundt
and coworkers [6,7] reported that the crystal structure in Pd
nanoparticles varies by hydrogenation depending on the cluster
size. Yamauchi et al. [8,9] showed that the P-C isotherms of Pd
nanoparticles differ from those in the bulk and showed that they
vary depending also on particle size. The author recently conducted
classical MD studies of hydrogen absorption in 10 nm, metallic
nanoparticles to elucidate the fundamental variations of hydrogen
distribution and structure variation in nanoparticles as ‘parame-
ter physics’. In this paper, the author describes extension of the
particle size range to 1-10 nm to discuss the particle size depen-
dencies of structural variation by hydrogenation and the resulting
P-C isotherms.

2. MD simulation

A computational model composed of isolated nanoparticles
located at the center of cubic, periodic MD cells and surrounding
hydrogen gas was considered [10]. The simulated particles were
10, 8,6,4,2,1.4,and 1 nm diameter; the corresponding numbers of
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metallic atoms vary from about 44 000 to 59 in b.c.c. or 55 in f.c.c.
cases. The particle shape was assumed to be spherical, but it was
polyhedral for smaller particles. The number of hydrogen atoms
is about 40 000. They were arranged initially in the face-centered
cubic lattice with lattice constants of 0.3 nm within an octahedral
space at the corner of the periodic cell [10]. After starting MD cal-
culation, hydrogen atoms evaporate rapidly from the octahedral
crystal because of the H-H repulsive forces. They form a homoge-
neous gas phase outside the nanoparticles. The side length of the
cubic MD cell was assumed to be 12,13, 16, 20, or 25 nm to simulate
various hydrogen pressures.
The potential energy of the system, E, is expressed as

E= 5> Vil + S K, (1)
ij i

where Vi~J stands for the pair potential between atoms i and j
as a function of the distance ry;, F signifies the embedded func-
tion, and p; denotes the electronic density at atom i because of
the surrounding atoms. Each term in Eq. (1) can be considered as
the variable part for the parameter physics [10], which is useful
for investigating the hydrogen storage mechanisms. In our studies,
only the metal-H pair term, VM-H is assumed to be variable. The
metal-metal interactions were fixed to be those for b.c.c. iron and
f.c.c. nickel proposed respectively by Finnis and Sinclair [13] and
Ackland et al. [14]. The metal-H pair interaction is assumed to be
variable in the form of

VMH(r 4 Ar) = eVRuda(r), (2)
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Fig. 1. Temperature dependence of simulated P-C isotherms of 10 nm, b.c.c. nanoparticles. Assumed conditions are e=4 and Ar=—1A.

where & and Ar are parameters. Meanings of € and Ar are the
strength factor and bond length difference of assumed M-H bonds
compared with those in the reference system. Actually, ¢ larger
than unity produces strong M-H bonds. Negative Ar gives small H
atoms with high mobility in interstitial spaces. The variation of ¢
and Ar causes a different balance between M-M and M-H interac-
tions, which are expected to affect the structure of hydrogenated
particles. As the reference function for VM-H, we used the potential
function VRu92 proposed by Ruda et al. [15] for Fe-H and Ni-H pairs
expressed as

VRS = "ay(rok — T H(rg 1), (3)
k

where H is the Heaviside step function and g, and r, are the coef-
ficients of polynomial fittings. For parameter physics, we assume
the values Ar=-0.5, —1 and —1.5A and ¢=1, 2, 4, 6, 8, and 10.
Preliminary analyses show that the absorption energy of H atoms
in the parameter range varies respectively from 4 to —80 k]/mol H
and from —21 to —309kJ/mol H for b.c.c. and f.c.c. crystals. They
cover the experimental values of real metallic elements such as Cr,
V, Nb, Pd, and Sr [16]. It is noteworthy that the atomic weight of Fe
or Ni was assumed; consequently, the time scale of lattice vibra-
tion is constrained by the value. The H-H pair interaction is also
fixed to one with monotonic repulsion [15]. The EAM part related
to H atoms was omitted to avoid awkward adjustment between the
parameter-dependent pair part and the EAM part. Using this treat-
ment, we can analyze the parameter-dependent variation more
clearly. The use of repulsion-type potential results hydrogen in the
gas phase in present calculation to be in the monoatomic phase.
Therefore, we should limit our discussion of hydrogen dynamics
after adsorption at the surface only. The MD simulation was con-

ducted using a constant-NVT condition with velocity scaling for
100 ps, which is sufficient for equilibration of H atom in 10 nm par-
ticles [11,12]. The system temperature was assumed as 100-600 K.

3. Results and discussion
3.1. General features of hydrogenation in metallic nanoparticles

As described in a previous report [10], hydrogen absorption in
nanoparticles was found to be classified into three patterns: non-
absorbing, homogeneous absorbing, and heterogeneous absorbing
(forming surface layer). The non-absorbing case appears in the
combination of potential parameters with larger ¢ (6, 8, and 10)
and larger Ar (0.5 A). The heterogeneous absorbing case appears
in a region with larger ¢ (8 and 10) and middle Ar (—1A). The
homogeneous absorbing case appears in the remaining part of
the parameter combination. Actually, MD simulation provides
atomistic information not only for hydrogen distribution but also
variation of the metallic lattice. Formation of the hydrogen-rich
surface layer is sometimes accompanied by generation of grain
boundaries inside the nanoparticles [11,12]. When the M-H inter-
action is weak (¢ is small), twin boundaries are generated inside
nanoparticles through hydrogenation. Such twin boundaries are
considered to result from the cooperative motions of lattice defor-
mation. The twin boundaries migrated in opposite directions to
reduce their interface area. Some disappeared after a sufficient
time. When the M-H interaction is strong (¢ is large), complex 3-D
configurations of grain boundaries appeared in nanoparticles and
remained persistently during the simulation. Such complex grain
boundaries are generated as a result of heterogeneous lattice defor-
mation because of the hydrogen-rich surface layer.
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Fig. 2. Energy parameter ¢ dependence of simulated P-C isotherms of 10 nm, b.c.c.
nanoparticles. Assumed conditions are Ar=—1A and 300K.

3.2. Simulated P-C isotherms of hydrogenation in nanoparticles

The P-C isotherm is a fundamental property of hydrogen stor-
age materials. It represents the relation between hydrogen pressure
and amount of absorbing hydrogen in materials (H/M ratio) at each
temperature. In the atomistic simulation, we can evaluate the pres-
sure of hydrogen gas and H/M ratio in nanoparticles respectively by
counting the quantities of hydrogen atoms outside and inside the
nanoparticles. Therefore, P-C isotherms can be evaluated by sys-
tematic change in the number of hydrogen atoms in the MD cell (or
change the size of MD cell) and temperature. Fig. 1 presents sim-
ulated P-C isotherms for 10 nm, b.c.c. nanoparticles with potential
parameters of =4 and Ar=—1A. The isotherm slope is large at
temperatures higher than 400K, but it is fairly flat at temperatures
lower than 200 K. Slant P-C isotherms were observed experimen-
tally in Pd nanoparticles [8,9], which was considered to result from
structural disorder at the particle surface. The plateau-like features
at 100K and 200K in our result suggest that the disorder of the
surface structure is less effective at lower temperatures in 10 nm
particles.

Fig. 2 presents the potential parameter dependence of sim-
ulated P-C isotherm of 10 nm b.c.c. nanoparticles at 300K. The
energy parameter ¢ was changed to 1, 2, 4, 6, 8, and 10; the
radius parameter Ar was kept to —1A. The amount of absorbed
hydrogen increases concomitantly with increasing ¢ until € =8, but
decreases for ¢ =10. The decrease of hydrogen absorption at high
¢ region results from blocking of the inward hydrogen diffusion
by a hydrogen-rich surface layer as explained in the previous study
[10]. The radius parameters smaller and larger than Ar=—1 A cause
reduction of hydrogen absorption. Similar results to those shown
in Figs. 1 and 2 were also observed in f.c.c. nanoparticle cases.

3.3. Particle size dependence

Yamauchi et al. [8,9] discussed the particle size dependence of
hydrogen absorption in Pd nanoparticles. They showed that the
slope of the P-C isotherm increases concomitantly with decreasing
particle size. This result was explained by the structural disorder
in surface region, which is larger in smaller particles of which the
surface region is large compared to the bulk region. Fig. 3 presents
modification of the metallic lattice attributable to hydrogenation
in b.c.c. and f.c.c. nanoparticles of various sizes. It is known that the
hydrogenated particles in some cases are strongly deformed from

Fig. 3. Particle size dependencies of structural variation of b.c.c. (top) and f.c.c. (bot-
tom) nanoparticles because of hydrogenation. Initial diameters of particles are 1, 1.4,
2,4, 6, and 8 nm from left to right, and assumed conditions are =6, Ar=—1A.

the original lattice and the particle shape (spheres or symmetric
polyhedra). Uniaxial elongation and twin boundary generation in
b.c.c. nanoparticles were observed. Those phenomena are consid-
ered to result from b.c.t. transformation. The smaller b.c.c. particles
seem to maintain their b.c.c. lattices, although their surface struc-
tures are disordered.

Structural variation of f.c.c. nanoparticles by hydrogenation
exhibits complex particle-size dependency: icosahedral lattice in
smaller sizes than 1.4 nm, amorphous-like structures in 2 nm size,
strongly deformed f.c.c. lattice in 4 nm size, f.c.c. lattices with a twin
boundary in 6 nmsize, and f.c.c. lattice in larger sizes. Such variation
can be understood also by the surface effect and lattice transforma-
tion. Small f.c.c. clusters are known to have five-fold symmetries
frequently. Pundt et al. [5,6] reported that hydrogenated nanoclus-
ters smaller than 5nm have five-fold structures. Generation of
amorphous phase and lattice deformation in the middle size f.c.c.
nanoparticles is created by the conflict between icosahedral and
cubic symmetries, originally caused respectively by surface and
bulk effects.

Fig. 4 presents simulated P-C isotherms of 4 nm b.c.c. nanopar-
ticle in comparison with the 10 nm particle presented in Fig. 1.
Curves of both sizes are almost identical at 600K, but they are
considerably different at lower temperatures. Hydrogen absorp-
tion at 400K in 4nm particles is less than that of 10nm by
about 0.1 in H/M at same hydrogen pressure. Similar size depen-
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Fig. 4. Simulated P-C isotherms of 4 nm (dotted line) and 10 nm (solid line) b.c.c.
nanoparticles at 200, 400 and 600 K. Assumed conditions are =4, Ar=—1A.
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dency was observed for Pd nanoparticles by Yamauchi et al.
[8,9]: hydrogen absorption decreases concomitantly with decreas-
ing particle size. The difference between the simulated curves
of two clusters becomes greater at 200K. The curve slope at
200K is almost flat for the 10 nm cluster. However, that of 4nm
maintains the same slope at higher temperatures. Similar results
were obtained also in lower ¢ cases. These results suggest that
the structural disorder by hydrogenation is more effective in
smaller particles, especially at lower temperatures, than in larger
ones.

4. Summary

Hydrogen absorption in metallic nanoparticles was investigated
using classical MD simulation and parameter physics. Three pat-
terns of hydrogen density profile in nanoparticles, non-absorbing,
homogeneous absorbing, and that forming a hydrogen-rich sur-
face layer appeared depending on the assumed potential parameter
values. General features of P-C isotherms of nanoparticles includ-
ing particle size dependency were reproduced by the simulation.
Results show that strong M-H interaction leads to lattice defor-
mation from b.c.c. to b.c.t., generation of grain boundary, and
modification of the particle shape. Amorphization and grain bound-
ary formation was observed in middle sized f.c.c. nanoparticles
which might be related to the conflict between icosahedral and
cubic symmetries.
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