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Abstract

The potential and properties of palladium hollow nanoparticles (hNP) as a possible

H storage material are explored by means of classical molecular dynamics (MD) simu-

lations. First we study the stability of pure Pd hNPs for different sizes and thicknesses,

obtaining good agreement with experimental results for nanometer size Pd hNP. Next

we add, every 100 fs, single H atoms into the NP cavity. During the first stages of the

simulation our results show hydride formation on the inner surface, similar to what has

been observed in experiments on Pd surfaces and NPs. Formation of the Pd hydride

decreases the absorption rate and H gas is formed inside the cavity. The maximum

H gas pressure that is reached is of 7 GPa, before fractures appear in the hNP, and

consequently the hNP breaks up. We obtain a maximum H/Pd ratio of 1.21 when H

is introduced only inside the cavity. However, when H is deposited both on the inside

and outside surfaces this ratio reaches 1.70, which is 25% larger than previous reports.

Beyond this ratio the hNP breaks up and the H gas is ejected from the hNP cavity.

Introduction

Palladium based structures have attracted much interest for a long time because of their

major role in several industrial processes like catalysis, hydrogen storage and gas-sensing.

Moreover, during the last years fuel cells based on Pd have been developed,1 which have

potential for many power supply applications in daily use devices, such as vehicles and

cellphones. In these areas Pd materials are an economically and competitive choice, especially

when compared with other noble metals such as Pt.

In particular, the development of Pd nanostructures with large H storage capacity has

been investigated for a variety of configurations such as nanowires,2 nanorods, nanocubes3

and nanoparticles,4–6 offering better performance than bulk structures,7 thin films8 and grain

boundaries.9 Among all these morphologies NP show promising advantages for H storage,

due their large surface to volume ratio, which allows for increased H capture. This led to
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many theoretical and experimental studies on the NP palladium H storage mechanism, and

their variations with shape and size.5,10–13

Lately hNP, which have a significantly lower density and a large specific area in compari-

son to conventional NPs, have attracted special attention due their potential applications in

fields like catalysis, storage, sensors,14 drug delivery,15,16 and energy related devices. More-

over, recent experimental work has confirmed the potential of hNP as storage material. In

fact, hNP of different materials such as Fe2O3,
17,18 SnO2,

19 Si,20 and TiO2
21 have shown

promissory results for Listorage,17,18 which are essential for the development of efficient

lithium batteries. Additionally, the H storage of Li2NH hNP has been explored and shows

an enhanced kinetics,22 probably due to features like short diffusion distance and/or large

surface area. These nanostructures can absorb a large amount of H in a shorter time than

micrometer size particles. Moreover, the hydrogen desorption temperature can decrease by

≈100 K when compared to the bulk. Other examples are carbon and mesophorous carbon

hNP decorated with Pd NPs,23,24 which exhibit a larger storage capacity than pristine sam-

ples, reaching an increase of a factor of two of H weight. This has led us to investigate the

feasibility of the use Pd hNP as a H storage material because of its H dissociation capacity

under ambient conditions.

Currently, these Pd hNP are synthesized by many groups, in a wide range of sizes.14,25 For

example, Liu et al.26 reported raspberry-like hNP of 32 nm in diameter implanted in carbon

nanotubes. Other groups reported hNP with porous shells ≈25 nm in diameter created

by the galvanic replacement method,27 or of ≈19 nm by the coalescence of smaller NPs.28

Moreover, in the last years smaller quasi-spherical hNP have been fabricated by the reduction

technique,29 with an average diameter of 7.3 nm, but their thickness was not reported. All

these sizes are within the scope of classical molecular dynamics (MD) simulations, which can

provide an accurate description of their mechanical and thermal properties.

Our main objective is the study of the H storage capacity of these hNPs. To achieve

our goal we deposit, one by one, H atoms in the hNP cavity until saturation is reached. To
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start on a firm basis we obtain, by means of MD simulations, the thermal and mechanical

properties of hNP at 300 K. Since defects are generated during the hydrogenation process

we also investigate how they form.

Methods

In order to understand the thermal and structural properties of Pd hNPs we use classical

MD simulations, as implemented in the LAMMPS code.30 The simulations were carried out

using the embedded atom31 (EAM) potential, with the Zhou32 parametrization. The hNP

was created by cutting a spherical cavity from a fcc Pd 〈100〉 bulk. This quasi-spherical

geometry is characterized by the external radius Rext and the shell thickness w. The range

of radii studied is 6a0 ≤ R ≤ 60a0 (2.4≤ R ≤24 nm), and thicknesses between a0 ≤ w ≤ 6a0

(0.4≤ R ≤2.4 nm), where a0 = 3.89 Å is the Pd lattice parameter. Initially, alternating

the Fast Inertial Relaxation Engine33 (FIRE) and the Conjugate Gradient algorithms, in

order to achieve the best possible putative minimum energy conformation. To study the

thermal stability of these nanostructures the temperature of the system was varied from 0

to 300 K, with an increase of 20 K every 0.2 ns. The system temperature was controlled by

a Nose-Hoover thermostat, and a time-step of 1 fs was adopted.

To estimate the H storage capacity of these structures atomic H was inserted into the

hNP hole. In some experimental situations, H would be incorporated to the hNP from

the outside. This would be extremely costly computationally. As an alternative, we have

chosen to model the incorporation of H from the inside of the hNP, which allows faster H

incorporation. Therefore, to estimate the H storage capacity of these structures atomic H

was inserted directly into the hNP hole. However, the EAM potential does not provide

realistic results because the H-H interaction allows for the formation of H nanoclusters in

the gas phase. A more realistic treatment for H in the gas phase is given by the ReaxFF

potential34 with the Senftle parametrization.35 This potential has been fitted to reproduce
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hydrogen dissociation and migration in Pd, and has shown to be in good agreement with

experiments36,37 of H absorption from the gas phase, and the Pd NPs diffusion coefficients.

The reactive nature of ReaxFF allows to reproduce correctly the H-H interaction, without

yielding the formation of H agglomerates. H was deposited at random at a distance of 0.5 a0

from the inner hNP surface. Due to the mass difference between H and Pd an adaptive

time-step between 0.1 and 0.25 fs was chosen. The H pressure is computed evaluating the

stress tensor, given by the relation

pαβi = −
1

3
Tr

[

miv
α
i v

β
j +

∑

i 6=j F
α
ijrij

β

Ωi

]

, (1)

where the first term is the thermal contribution, vαi is the α component of the i-th atom

velocity, Ωi is the atomic volume, and Fij and rij are the force and distance between atom i

and j, respectively. The atomic volume Ωi is estimated on the basis of the Pauling radius38

assuming spherical atomic shape. This assumption yields similar results to other algorithms

used to evaluate the atomic volume, as Voronoi tessellation.39 Defects and/or fractures re-

sulting from the H absorption, and the consequent pressure increase it generates, has been

studied using the common neighbor analysis (CNA) algorithm,40 which is the one imple-

mented in the Open Visualization Tool41 (OVITO). In addition, a more refined description

of the crystal structure was obtained with the Crystal Analysis Tool42 (CAT), which is a set

of algorithms that advantageously use several post-processing defect recognition methods,

to generate a unique signature for each microstructure. These signatures are then matched

against a pattern database which not only contains information, but also allows to determine

the atomic positions relative to other crystalline structures, by means of graph maps.

Results

Since our first objective is to describe the thermal stability of hNP we start with perfect

spherical hNPs of different sizes and thicknesses. As suggested by Jiang et al.,43 when the

5

Page 5 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



hNP temperature is raised from 0 to 300 K the initial configuration can reach three possibles

final outcomes: i) a stable hNP, when it keeps its shape at the end of the temperature ramp;

ii) an unstable configuration, if it collapses to form a deformed solid NP at temperatures

above 300 K; and finally iii) a half-stable hNP, which is defined as a partial collapse of the

initial configuration that maintains a cavity in its interior. The results for the different ratios

and thicknesses w we studied are illustrated in Fig. 1, where we provide a stability diagram

for different sizes and thicknesses that are in agreement with experimental results.28,29 The

figure shows an unstable region for w ≤ 3a0 (red circles); a stable region (green circles);

half-stable hNPs (blue circles) are found only for large values of the aspect ratio, which is

defined as Rext/w. We also show an A zone where our theoretical values are consistent with

the experimental results by Wang et al. for 25 nm NPs. For small hNPs the experiments

by Chen et al.29 reported 7 nm diameter hNPs, however they did not provide the values of

w. Our MD simulations yield that these hNPs have a minimal w ≈ 1.5 nm. The D regions

correspond to the experimental results by Ge et al.,28 who used the same synthesis protocol

to obtain two different sized Pd hNP of ≈ 40 nm and ≈ 15 nm in diameter, by changing the

ph of the concentration. For 40 nm diameter they report a thickness of 8 nm. Instead, in

our calculations we obtain 40 nm hNP with a minimal thickness of ≈ 2.1 nm. This suggests

that it might be possible to synthesize thinner hNPs.

All in all the structures mentioned above, and illustrated in Fig. 1, were followed during

long computer runs to ensure that they preserve their atomic structure, and are stable over

large time periods. These calculatios followed the scheme developed by Jiang et al.43 but

with a significantly more extended in time temperature ramp. In all cases we made sure that

the atomic structure, potential energy and the mean square displacement remained constant.
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with the formation of the Pd hydride. For large values of H/Pd both the total and the cavity

H have similar growth rates, thus the number of H2 molecules and the H gas pressure do

increase. The hydride helps to avoid the dissociation of H2 molecules catalyzed by the Pd

atoms. For H/Pd> 0.2 the mechanism for H insertion changes due to kinetic effects, as a

consequence of the collisions of high speed H2 molecules with H atoms. The collision of H2

molecules with H atoms accelerates the latter enough to cross the inner hydride surface and

to reach the outer layer of the hNP. Such a process was already reported for large values of

the chemical potential, obtained by Monte Carlo simulations.8,11–13

The increment of the H density in the cavity results in a increase of the H pressure, which

is not negligible for H/Pd> 0.2. The response of the structure to the pressure increase is

a slow expansion of the hNP, whose radius grows by ≈ 2 Å. In Fig. 3b we show that the

maximum internal pressure that a hNP can withstand is 7 GPa; for larger H/Pd ratios the

pressure in the cavity decreases drastically to≈ 3 GPa. This abrupt decrease is a consequence

of structural changes in the hNP, such as creation of defects, amorphous regions and stacking

faults, which will be discussed below.

The response to pressure of the hNP as a function of the H/Pd ratio is illustrated in

Fig 4. A common neighbor analysis (CNA) was performed before and after the pressure

reached the 7 GPa peak. The pressure inside the cavity starts to create point defects in

the Pd structure for H/Pd< 0.75, as shown in Fig 4a. These defects correspond to isolated

bcc atoms near to the inner hNP radius; the red color atoms correspond to non-crystalline

structures that are not well defined, since for surface atoms they are not recognized as such

by the CNA algorithm, as they lack the necessary coordination to be identified as fcc. On the

inner radius the red region is wider than the surface one, due the formation of Pd hydride.

For H/Pd=0.75 the hNP has also lost its spherical form, as shown in Fig. 4c. A non uniform

width results, with a thinner region that has no definite crystalline structure. This region

corresponds mainly to Pd hydride with some free volume regions, as shown in Fig. 4d. It is

worth noticing that the porosity allows for a larger H storage capacity of the hNP. Moreover,
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for these concentrations we observe a different scenario, where groups of hcp regions are seen

in the Pd lattice. This hcp phase, whose occurrence in fcc crystals is principally associated

with stacking faults, has been reported by Huang et al.44 in AgPt hNPs, and is associated

to Shockley partial dislocations, due to the large stress the hollow-core-shell structure is

subjected to. In our case, the large stress produced by the H pressure can generate a series

of planar defects, which under normal conditions are difficult to induce due the large energy

required by Pd to generate stacking faults. This large population of hcp atoms are observed

in the transition from stable to half-stable hNP in Pd (see supplementary material), and

they are probably responsible for avoiding the collapse of the hNP into a simple NP. Fig. 4e

shows a CAT analysis where pattern-matching was performed including defective structures

from a large database.42 The fraction of fcc atoms obtained this way corresponds to 66.76%,

and to 5.42% of fcc stacking faults and twins boundaries.

The feasibility to decorate the cavity of a Pd hNP has been tested by a single deposition

process, resulting in a maximum H/Pd=1.21. Beyond this limit the hNP breaks up, and the

H inside cavity is ejected. However the hNP does not collapse, and a partial surface recovery

is observed. The simulation was carried out during 0.2 ns, in order to be able follow the

structural evolution of the hNP and the recovery of the surface. The fact that the hNP does

not collapse after the H is released is a promising feature when one considers the possibility

of reusing this kind of nanostructures. On the other hand, if the hNP cavity is preserved

after the H ejection, both the inner and outer surface would be able to capture H, enhancing

the hNP H storage capacity under ambient conditions.

Finally, to estimate the maximum H/Pd storage performance of Pd hNP we changed

slightly the procedure. We started with a hNP with a H/Pd ratio of 1.1, which insures

no material failure. This hNP was immersed in a H atmosphere, in order to accelerate the

calculations. The H atoms occupy the free sites on the outer surface of the hNP allowing the

H/Pd ratio to rise to 1.70, as illustrated in Fig. 5. To insure stability the dynamics was fol-

lowed during ≈0.2 ns. To the best of our knowledge this is the largest value reported for a Pd

10
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al.28 of 40 nm with a thickness of 8 nm. Other experimental results, as those reported by

Liu et al.26 and Wang et al.27 also correspond to stable Pd hNP in our diagram.

On the other hand, the H storage properties of hNP have been tested, introducing single

H atoms into the hNP cavity. Our results show that the cavity can store H in the form of

single atoms or as a H gas phase. This gas phase is achieved when Pd hydride is formed

on the inner surface and the deposition rate is larger than the H absorption rate. The

hNP studied here can withstand a H pressure of up to 7 GPa. Beyond this limit the hNP

changes its shape in order to relax the large stress the H2 gas pressure generates. The defects

observed correspond mainly to stacking faults and twins. The latter ones have been reported

to induce ultrahigh hardening of Pd thin films.46 This way the maximum H/Pd ratio of 1.21

is reached. Beyond this limit the hNP breaks up, and H2 its ejected from the cavity. As the

H is released the hNP partially recovers without collapsing.

Finally, a maximum H/Pd=1.7 ratio is obtained when single H atoms are deposited on

the outer and inner surfaces of the hNP. This ratio is the largest yet reported and is 25%

larger than the results for an icosahedron cluster obtained by Crespo et al.11 However, we

believe that this results could be improved, for example using MC simulations to decorate

the Pd interstitial sites.8,11–13

Summarizing, we studied the efficiency of Pd hNPs to store H inside their cavities and in

the whole structure. However, important questions that do deserve attention remain open,

such as the details of the diffusion mechanism in this kind of nanostructures. It also may

be that the presence of stacking faults and/or twins helps to increase the H migration and

absorption. But, for the time being, our results suggest that the use of the cavity of a hNP

as a gas storage material is a possibility, and a subject that deserves attention.
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