pubs.acs.org/JACS

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Ab Initio Study of Magnesium and Magnesium Hydride Nanoclusters
and Nanocrystals: Examining Optimal Structures and Compositions
for Efficient Hydrogen Storage

Emmanuel N. Koukaras,*"* Aristides D. Zdetsis,*" and Michael M. Sigalas§

"Molecular Engineering Laboratory, Department of Physics and SDepartment of Material Science, University of Patras, Patras 26500
GR, Greece

*Institute of Chemical Engineering Sciences, Foundation for Research and Technology-Hellas (FORTH/ICE-HT), GR-26504 Patras,
Greece

© Supporting Information

ABSTRACT: On the basis of the attractive possibility of T Mg H,, . Mg H,, T
efficient hydrogen storage in light metal hydrides, we have , N crystals
examined a large variety of Mg,H,, nanoclusters and (MgH,), & : S ST N E
nanocrystals (n = 2—216, m = 2—436) using high level coupled 5 $3'y " ,rf;';;“, g meRee _—r
cluster, CCSD(T), ab initio methods, and judicially chosen § o B 5 913500 j,f clusters | &
density functional calculations of comparable quality and (near £ r» )2 2 dip gt & £
. . . @ ‘2 43.3 3 S P @
chemical) accuracy. Our calculated desorption energies as a & Pl 2% 2
e ,

function of size and percentage of hydrogen have pinpointed

Cluster Hydrogen Content, x ———=

Cluster & Crystal Size,n ———=

optimal regions of sizes and concentrations of hydrogen which
are in full agreement with recent experimental findings. Furthermore, our results reproduce the experimental desorption energy
of 75.5 kJ/mol for the infinite system with remarkable accuracy (76.5 + 1.5 kJ/mol).

1. INTRODUCTION

Hydrogen may be the fuel of the future replacing hydrocarbons
because of its higher performance (in fuel cells), much higher
gravimetric energy density, and negligible environmental
implications, in comparison to hydrocarbons. However, the
main problem, and consequently the focus of current-day
research, is the efficient storage of significant amounts of
hydrogen with the smallest possible weight. One (among
many) possible solution is the storage of hydrogen in metal
hydrides because of the moderate temperature and pressure

considered by successively removing H, molecules.’ In the
present investigation, using high level CCSD(T) ab initio (for
the smaller clusters) and improved DFT methods of
comparable quality and (high) accuracy, we have considered
the reverse process of hydrogen sorption on bare Mg, clusters.
We have examined hydrogenated Mg, H,, clusters of small and
medium sizes, in which hydrogen atom pairs (H,, H+H) were
gradually added, starting from a large variety of low energy bare
Mg, clusters. At each level of hydrogenation the Mg,H,,
clusters were generated from several energetically lower
Mg, H,, , structures by the addition of a H+H pair each time.
This way, we can safely and rather accurately study in a
stepwise and stoichiometry-unbiased way, not only the size
dependence of (de)sorption energy, but also its variation with
hydrogen content, structure, and composition. This plan, which
allows the location and identification of optimal regions of both
n (size) and m (composition), has been carried out very
successfully for a large variety of small and medium MgH,,
nanoclusters of sizes up to a few nanometers. At the same time,
we have constructed large stoichiometric (MgH, )y nanocrystals
of various sizes (N = 48, 120, 169, 216) based on the bulk
MgH, structure in order to study the size dependence all the
way up to the infinite MgH, crystal. For these particular
nanocrystals, which are all of the same morphology, the
desorption energy AEq(MgH,)y would be expected, on the
basis of general arguments based on the relative number of bulk

conditions required. In particular Mg hydride is one of the most
prominent materials with reversible hydrogen capacity of up to
7.6% wt."?

More recently, nanostructure metal hydrides® ® have been
also proposed for hydrogen storage due to their expected
higher diffusivity and their higher surface to volume ratios.
These characteristics are expected to lead to improved reaction
kinetics, reduced enthalpy of formation, and lower hydrogen
absorption and release temperatures® due to the different
destabilization energies of the metal clusters and their
corresponding hydrides.>® Thus, reduction of the MgH,
particle size to the nanoscale has been suggested, by both
theoretical® and experimental’~'* evidence, as a possible means
for tuning up the desorption thermodynamics.®

Previous theoretical studies of various levels of complexity,
from Hartree—Fock (HF) and density functional theory
(DFT)* to Quantum Monte Carlo (QMC),® have mainly

focused on MgH, (or Mg,H,,) nanoparticles, in which at some
limited cases (n = 6, 9, and 15) stepwise desorption has been
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Table 1. Binding energies (D,) in eV of Mg,, MgcH,, and Mg,H;, Mg¢H,, Clusters, Calculated with a Variety of Functionals,
and CCSD(T) Single-Point Calculations at the Corresponding DFT, and CCSD (Last Column) Optimized Geometries

structure property PBE BP86 PWI1 B97D
Mg, De/cc-pVTZ (eV) 1.55 1.21 1.55 1.22
De/CCSD(T) (eV) 1.02 1.02 1.02 1.00
Mg, H, De/cc-pVTZ (eV) 2193 22.84 2222 23.30
De/CCSD(T) (V) 2282 2282 2282 2281
Mgg De/cc-pVTZ (eV) 2.49 1.90 2.49 1.88
De/CCSD(T) (eV) 1.62 1.62 1.62 1.56
MgH,, De/cc-pVTZ (eV) 3423 35.56 34.69 36.31
De/CCSD(T) (eV) 35.75 35.75 35.75 35.74

TPSSh  B3LYP  MO0S-2X MoOSs Mo06-2X MOo6 CCSD(T)
1.51 0.57 0.87 1.42 0.98 1.38
1.01 1.01 1.00 1.02 1.02 1.00 1.01
24.29 2243 19.52 22.84 22.25 23.21
22.82 22.81 22.81 22.80 22.80 22.82 22.82
2.37 0.82 1.47 2.30 1.63 2.22
1.62 1.58 1.59 1.62 1.62 1.60 1.58
37.86 35.00 34.29 35.64 34.94 36.42
35.75 35.75 35.75 35.72 35.72 38.75 35.76

3

versus surface atoms,’> ™ to obey the size dependence of the

form:
AE((MgH.)y) = a + bN"13

As will be illustrated in what follows, this relation is indeed
obeyed remarkably accurately. Not only that, but the value for
the parameter a obtained here, which is the predicted value of
AE4(MgH,)y for the infinite crystal (N — o), is 76.5 + 1.5
kJ/mol. This value is unexpectedly (and rather unbelievably)
close to the experimental value of 75.5 kJ/mol for the infinite
MgH, solid. This type of agreement is highly suggestive about
the validity of the present approach and the quality and
accuracy of our results (for the desorption energy as a function
of both n and m in addition to N) which are presented in
sections 3 and 4, after a short description of the theoretical
techniques in section 2.

2. THEORETICAL AND COMPUTATIONAL
TECHNIQUES

The initial geometries of the lowest and lower energy bare Mg,
clusters have been obtained from the literature.'” =" For several
smaller Mg, clusters (n = 2—7), these geometries have been
further optimized, compared, and reevaluated using ab initio
many-body Moller—Plesset perturbation theory of second
order (MP2), and coupled-cluster theory, including singlet
and doublet excitations (CCSD). At the equilibrium geo-
metries, single-point energy calculations were performed using
higher level methods, such as CCSD(T), which includes triplet
excitations noniteratively.”>>' These calculations have been
performed with the correlation consistent cc-pVTZ basis set™
of triple-{ quality, using the Gaussian program package.** The
fully ab initio results for representative small clusters (such as
Mg, and Mg;) have been compared with similar optimization
(and single point) calculations using density functional theory
(DFT). For the DFT calculations we have employed a variety
of popular as well as recently developed functionals, within the
generalized-gradient approximation (GGA), hybrid GGA, and
hybrid meta-GGA functionals, such as PBE,** BP86,%
PW91,%” B97D,*® B3LYP,*>*° TPSSh,>"** M05,** and M06,>*
in order to assess the suitability of, and decide the “proper”,
functional(s) for, the present investigation. For this purpose,
the full plan (ab initio CCSD(T) and DFT with a large variety
of classical and modern functionals) was followed for the
hydrogenated Mg,H,, nanoclusters, using primarily (but not
solely) as benchmark systems the corresponding Mg,Hg and
MggH,, clusters, which were generated using the procedure
which will be described below. For these DFT calculations we
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have employed the TURBOMOLE?® and GAMESS*® packages
using the same basis set (cc-pVTZ). For the purpose of the
present calculations the main property of interest is the
desorption energy, which is based on energy differences
between hydrogenated and non-hydrogenated systems and
not absolute binding energies. The total or non-normalized
desorption, AEy,(Mg,H,,), for a MgH,, nanocluster or
nanocrystal is defined as usual by the relation

AEy (Mg H,,) = nE(H,) + [E(Mg ) — E(Mg H,,)] (1)

whereas the normalized per H, mole desorption energy,
AE,(Mg,H,,), is given as

AE,(Mg H,,) = E(H,) + [E(Mg ) — E(Mg H,,)]/n )

In both relations, besides the total energy of the H, molecule,
E(H,), the desorption energy is fully determined by the energy
difference of the Mg, and MgH,, clusters, E(Mg,) and
E(Mg,H,,) respectively. It is important to emphasize that in all
the above total energies we include zero-point energy (ZPE)
corrections; that is, E(H,) = Ey(H,) + ZPE(H,), E(Mg,) =
Ey(Mg,) + ZPE(Mg,), and E(MgH,,) = E,(MgH,,) +
ZPE(Mg,H,,), where E, in an obvious notation, is the total
electronic energy without ZPE.

It is clear, therefore, that the “ideal” or “desirable” DFT
method has to perform equally well, or at least just about
equally well, for both Mg, and Mg,H,, Representative
benchmarking comparisons for the binding energies of both
types of “stoichiometric” clusters with n = 4 and 6 respectively
are summarized in Table 1. For each of the functionals in Table
1 we have performed geometry optimizations in order to
calculate and provide the binding energy as given by the specific
functional (at the optimized geometry using this particular
functional). Additionally we provide the binding energy as
calculated by single point CCSD(T) at the geometry produced
by the corresponding functional, in comparison to the
geometry produced by optimization using the coupled clusters
(CCSD) method (last column). These values act as a criterion
on the quality of both energy and geometry. Most interestingly,
as we can see from Table 1, the GGA functionals PBE, BP86,
and PW91 lead to the best geometries but, as would be
expected, not to the best (or even acceptable in some cases)
binding energies. The performance of the dispersion corrected
GGA functional B97D differs between hydrogenated (better)
and non-hydrogenated (worst) systems. Surprisingly, the
hybrid functionals TPSSh and B3LYP overestimate and
underestimate the binding energies, respectively.
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The most promising methods among those studied here
belong to the MOn family, although even in this case the
performance varies. The M0n-2X functionals produce the most
accurate binding energies for the pure systems, while MOS
produces exceptional binding energies for the hydrogenated
systems. However, for calculating binding energy differences
(desorption energies) the method to be chosen is required to
perform in a similar and consistent manner for both systems
(pure and hydrogenated). In this respect, the M06 functional is
the best choice, fulfilling these requirements. M06 produces
high quality geometries, although it overestimates the binding
energy, but in a systematic manner, which allows the calculation
of accurate desorption energies. These conclusions are not
affected when the basis set superposition error (BSSE) is
accounted for in the calculations. The BSSE correction,
calculated using the counterpoise correction method (CP), is
very small (although not marginal) and does not influence the
average relative performance of the functionals in Table 1 (see
Table S1 in the accompanying Supporting Information).

The advantages of the M06 functional for such calculations,
emerging from Table 1, have been also confirmed by additional
selective calculations (limiting the range of functionals studied)
for representative larger and nonstoichiometric nanoclusters
such as MggHg and Mg, H,, These results are shown in Table
2.

Table 2. Binding energies (D,) in eV of Mg, MgH; and
Mg,,, Mg,;H,, Clusters, Calculated with the M06 (for n = 8
and n = 11), and PBE, BP86, and B3LYP (for n = 8)
Functionals, Together with CCSD(T) Single-Point
Calculations at the Corresponding DFT Optimized
Geometries

structure property PBE BP86 B3LYP Mo06
Mg, De/cc-pVTZ (eV) 409 316 141 377
De/CCSD(T) (eV) 297 296 290 294
MgH;  De/cc-pVTZ (eV) 2439 2468 2314 2549
De/CCSD(T) (eV) 2455 2456 2457 2456
Mg, De/cc-pVTZ (eV) 6.71
De/CCSD(T) (V) 572
Mg, H,, De/cc-pVTZ (eV) 33.63
De/CCSD(T) (eV) 32.11

Therefore, the majority of the present computations
(geometries and energies) have been performed with the

MO6 functional. In addition, for the very large size clusters and
nanocrystals, since PBE with significantly lower computational
cost produces very good geometries (as can be seen from Table
1), the DFT geometry optimizations have been performed with
the PBE functional, using the resolution of the identity
approximation.”” The energies are, then, evaluated by single
point MO6 calculations at these (PBE) geometries, with
substantial computational savings, without sacrificing accuracy.
This is very important for the very large number and variety of
initial structures considered here for each composition.

The construction of the initial structures of the Mg,H,,
clusters follows a long, complicated, systematic and reliable
“algorithm”: For a given number, n, of Mg atoms we establish a
large (wherever possible) number of lowest, lower, and low-
lying bare Mg, isomers (the number of isomers increases with
n). For a given isomer we then start the process of stepwise
hydrogenation by adding two H atoms at a time. A nearly
exhaustive search is performed, using symmetry unrestricted
geometry optimizations (C;) at the DFT/PBE and/or DFT/
MO6 level(s) to determine, among a very large (especially for
larger 1) set of possible positions, the energetically best (second
best, third best, etc.) hydrogenated sites. Having established
several low-lying Mg, H, structures the second pair of hydrogen
atoms (for the same number of Mg atoms, 1) was again tested
in a similar way, by full unrestricted reoptimization (including
reconstruction), to establish the best low-lying structures of
Mg,H, clusters. This process was repeated again (for a given n)
up to Mg, H,, .4 and in some cases up to Mg,H,,.s well above
the Mg,H,, stoichiometry. We have also considered Mg H,,
geometry optimizations starting from the geometries of the
Mg, H,, cluster with the addition of one Mg atom. Thus, the
whole cycle of optimizations includes, for a given n, a significant
portion of all conceivable possible energetically low lying
isomers in each intermediate and final level of hydrogenation.
In Figure 1, we show representative lowest energy structures for
small/medium Mg,H,, nanoclusters obtained by the process
outlined above.

The same process for the larger Mg H,, nanoclusters has
produced the representative results of Figure 2. For the lowest
energy structures in each case, vibrational analysis has been
performed to determine the zero-point energy (ZPE)
correction and to test the dynamical stability (no imaginary
frequency modes) of the particular cluster.

In addition to the Mg, H,, and Mg, H,, nanoclusters obtained
and optimized as described, we have also constructed and
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Figure 1. Lowest energy geometries obtained here at the DFT/MOG6 level of theory for representative Mg,H,,, n = 3—7, m = 2—16 clusters.
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Figure 2. Representative lowest energy structures for the larger Mg,H,, (n = 11—-19, m = 2—38) clusters.

optimized at the same level(s) of theory large stoichiometric
nanocrystals (MgH,)y (with N = 48, 120, 169, and 216) of
fixed composition and symmetry based on the bulk MgH,
structure. The properties of these nanocrystals are expected to
approach the bulk properties as N increases, approaching
infinity. Thus, for accurate finite size results, extrapolation to
infinity would be expected to reproduce the results of the
infinite MgH, solid at a similar accuracy. As will be shown this
is indeed the case. The results for the desorption energy of the
MgH, solid obtained here are unexpectedly close (within
chemical accuracy) to the experimental value. Therefore, the
results presented here are expected to be of similar chemical
accuracy.

3. RESULTS AND DISCUSSION FOR MgyH,,
NANOCLUSTERS

3.1. Size-Dependence of Desorption Energy of
Mg,H,, Nanoclusters. The size-dependence of the desorp-
tion energy, in particular for small and medium size Mg,H,,
nanolusters, is of primary importance. This is due to the
expectations of achieving lower desorption energies and
temperatures as the crystalline size is reduced. Such expect-
ations have motivated analogous (but not similar) work in the
past.” The desorption energy of the Mg,H,, clusters with n =
3—19 obtained in this work following the full procedure (using
a nearly exhaustive optimal geometry search) outlined in
section 2 is plotted in Figure 3 as a function of the size, n, of the
cluster. In the same figure, we have plotted for comparison the
results of Wu et al.® obtained by the fixed-node diffusion Monte
Carlo (DMC) method. As we can see, both results are of
comparable quality. In the same figure we have also included
some “isolated” results for n = 25 and n = 32, obtained with a
limited number of initial geometries based in some partially
optimized bulk fragments. It is interesting to observe that these
values are also in close agreement to the DMC results. This
point will be discussed further in section 4. As it is clear from
Figure 3, desorption energies lower than the bulk values
(around 7S kJ/mol) are obtained only for n < 6, which is
extremely small (maximum diameter of about 0.5 nm).

Instead AE4(Mg,H,,) achieves a maximum value of about 95
kJ/mol, around n = 11, and then it starts decreasing
monotonically, as shown in Figure 3. This decrease in
AE4(Mg,H,,) for larger sizes, which is common to both
nanoclusters and nanocrystals, is expected to continue
monotonically to the very large n values (theoretically all the
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Figure 3. Desorption energy AEy(Mg,H,,), in kJ/mol, as a function of
n, obtained here (solid stars and squares) at the DFT/MO06 level of
theory, with ZPE (solid stars) and without ZPE (solid squares)
corrections, in comparison to the results of the DMC method
(triangles). The empty stars and squares denote results obtained with a
limited number of sampling for alternative geometries.

way to n — 00), not necessarily with the same n-dependence
(~n~"3) as for the bulk-like nanocrystals, and not necessarily to
the same asymptotic bulk value (of about 75.5 kJ/mol). We will
examine this behavior in section 4 in parallel with the
nanocrystal structures. It is clear, however, from the results
obtained so far in Figure 3, that size reduction of the
nanocrystals by itself (except for the unrealistic case of n <
6) cannot significantly improve the desorption energy (and
temperature) value of bulk MgH,, unless, perhaps, other factors
such as variation of stoichiometry could be helpful. This is
examined in the next section.

3.2. Hydrogen Percentage Dependence of Desorption
Energy for Mg,H,,, Nanoclusters. For the nonstoichiometric
Mg H,, clusters, the above definitions eqs 1 and 2 for
desorption energy should be obviously modified as

AEy (Mg H,,) = (m/2)E(H,) + [E(Mg ) — E(Mg H,,)]
3)

AE((Mg H,) = E(H,) + 2[E(Mg ) — E(Mg H,,)]/m (4)

dx.doi.org/10.1021/ja306344b | J. Am. Chem. Soc. 2012, 134, 15914—15922
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For such clusters, besides the “absolute” desorption energy
AE;(Mg,H,,) defined above, we can consider the “stepwise
desorption energy” AE4 for the stepwise process:

MgnHm - MgnHm—Z + H2
— MgnHm_4 + 2H,

— Mg + (m/2)H,

in which a hydrogen molecule is removed (or added in the
reverse process) one at a time. In this case, the relative or
stepwise desorption energy AEy can be defined in relation to
the energy of the Mg H, , structure of the previous step,
rather than with respect to the bare magnesium cluster, as
follows:

AE4(Mg H,) = E(H,) + [E(Mg H,,_,) — E(Mg H,)]  (5)

Furthermore, since at each stage the (de)sorption energy can
be defined with respect to the m — 2 or with respect to the m +
2 structure (stage), it is more appropriate to define a smoother
stepwise desorption, AE. 4 as an average of the two
alternatives. Thus, the “average” desorption energy is given as

AE (Mg H,) = E(H,) + [(E(Mg H,,_,) — E(Mg H,,))
+ (E(Mg H,,) — E(Mg H,,,,))]/2
or for the more general k-step case:
AE (Mg H,) = E(H,) + [E(Mg H,,_,;)

- E(Mg H, ,5)]/k (6)

As before, the total energies in the above relations include ZPE
corrections.

Looking at the morphology of these clusters in Figure 1 we
can make several important observations: As could be expected
for small clusters, we can see at a first glance a dramatic
reconstruction of the Mg, skeleton as more and more
hydrogens are added. It is also remarkable that the first pair
of hydrogen atoms (in the Mg,H, clusters) are located as far as
possible away from each other on the “surface” of the cluster, in
bridging positions between two or more magnesium atoms.
This could be attributed to the optimization of the 6+, 6—
charge distribution.

As more and more hydrogens are added, we can observe the
gradual deposition of hydrogen “inside” the cluster. Beyond the
“stoichiometric” composition (of m = 2n) we can clearly see a
pair of hydrogen atoms very close to each other in the form of a
H, molecule, well outside, but not very far away from the main
Mg, H,, core. This is a clear manifestation of saturation. The
additional H, molecule is very loosely bound to the Mg, H,,
core, as can be verified from the results in Figure 4b and Figure
Sb. In principle, if the resulting oversaturated hydride structure
was “sufficiently stable”, it could lead to a much lower sorption
energy in the region of x = 2.1-2.5, as shown in Figure 4a.
However, in this region presumably we have a “molecular
adsorption” with a substantially different and much weaker type
of binding leading to nonstable structures with a rather
“fictitious” low overall desorption energy.

The other region of interest (absorption energies around
40—60 kJ/mol) is the low hydrogen concentration region (x =
0.25—1.0). Although the behavior of all small nanoclusters in
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Figure 4. Normalized [AE;(Mg,H,,)] (a) and stepwise
[AE4(Mg,H,,)] (b) desorption energies, in kJ/mol, for representative
Mg,H,, n = 4=7, m = 2—16 clusters, obtained at the DFT/MO6 level
of theory.

Figure 4 is the same near the stoichiometric limit x ~ 2, their
behavior for x < 2 is clearly different for different n in the
region of 2 < n < 7. This is in agreement with the results of
Wagemans et al.® For larger (than n = 6 — 7) clusters the full
dependence of desorption energy on x is more or less similar
which allows a more general and “more global” description,
which we will attempt to establish on the basis of the results of
Figure § for the x-dependence of larger Mg, H,, nanoclusters.
As we can see in Figure S, the results for all Mg,H,, follow a
very similar trend. This allows the introduction of an average
fitted (to the results of the n = 8—19 Mg,H,, nanoclusters)
curve, shown in blue color (dashed line) in the figure, which we
will describe further below. In all cases (including the smallest
clusters) the stoichiometric composition (m = 2n) is the most
stable one irrespective of symmetry and geometry (apparently
all the way up to the bulk MgH,) resulting in higher desorption
energies at this composition. In this case, 2 < x ~ 2, we have
also plotted in Figure Sa some results for the much larger
Mg,¢H,s, nanocrystal, which have not been included in the fit.
Despite the fact that the x-dependence of “crystalline”
nanostructures will be further discussed in section 4.2, we
should observe here that these results also follow the average
behavior of the medium size nanoclusters. For x > 2 (m > 2n),
we have similar (decreasing desorption energy) behavior for all
oversaturated structures, including the much larger nanocryst-
als, with the advantages and disadvantages described earlier for
the smaller clusters.
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As we can see in Figure S, the x-dependence in the
substoichiometric region (x << 2) is now more or less uniform,
showing a clear dip in the region of x = 0.4. In this region for
which AE;(Mg,H,,) would be dominated by the properties of
the underlying Mg, cluster, the increase in AE;(Mg,H,) for
very small x (for m = 2 in particular) must be a result of a larger
and better stabilization of the MgH, cluster due to the
combined effect of optimization of the Mg—H interaction,
through the 5+, 6— charge distribution optimization (discussed
above); together with an improvement of the Mg—Mg
interaction. This last contribution to stability is due to the
smaller reconstruction of the Mg, metallic skeleton, for larger n
and small m (m = 2), which keeps the Mg—Mg interaction in a
favorable magnitude. Apparently, due to this last effect, there is
no such noticeable abrupt increase in the corresponding AE,
curve of Figure 4, for the small clusters. Thus the desorption
process in the region of 0.25 < x < 1 should be much more
efficient, although it could be argued that in this low hydrogen
region there would be restrictions compared to the overall
hydrogen loading capacity. Nevertheless, in conjunction to a
smaller particle size, we could have a significant overall
improvement of the storage capacity (and recovery) for a
large collection of such substoichiometric nanoclusters
distributed in the same volume as a bulk-like nanocrystal.
This is in full agreement with the experimental findings of

Schimmel et al,'® who report that in a ball-milled nano-
structured MgH, there may exist a substoichiometric nano-
structured MgH,, hydride phase (with x < 2). Such a hydrogen
deficient phase most likely exhibits a much faster diffusion of
hydrogen.” Therefore, for “designing” more efficient MgH,
nanostructures for hydrogen storage, it is very important to
rationalize this region, or (even better) the full range of x-
dependence. To this end, based on the “similarity” of the curves
in Figure Sa, we have attempted to construct an average curve,
illustrated by a continuous dashed line (in blue color, online) in
Figure Sa, describing in a uniform way the expected “average
variation with hydrogen content” of the average desorption
energy, (AEy(x)), with x = m/n. The best possible form we

have found, using genetic algorithm fits,>® is

(AE (x; n)) = A — B(2 — x)* + C(2 — x)*,
0<x<2 (7)

where A = 86.0, B=—11.5, C = 0.9, and a = 4. The constant A

in the above relation is in reality weakly dependent on n, and it

should be more appropriate to write instead A = (A(n)). We
have found that A(n) should be of the form

A ( _ —1/(3+6)

n) =A,+ An , 0£6<03 (8)

For the time being, the continuous smooth blue curve
(dashed line) in Figure Sa should be simply considered as a
guide to the eye. These results, especially in conjunction to the
size variation of eq 8, have extremely important consequences,
as will be further discussed in section 4.

We should also add here that the stepwise desorption curve
in Figure Sb gives a clear picture of the relative fraction of the
total amount (moles) of hydrogen (and the existing
intermediate barriers) which can be desorbed in each step.
From this curve, in Figure Sb, it becomes clear that the degree
(difficulty) or efficiency of hydrogen absorption is not the same
for the whole assumed amount of desorbed hydrogen, for a
given AE4(Mg,H,,).

4. RESULTS FOR STOICHIOMETRIC [MgH,]y
NANOCRYSTALS

4.1. Size Dependence. The optimized geometries (at the
DFT/MO06 level of theory) of the larger stoichiometric
(MgH,)y nanocrystals (N = 48, 120, 169, and 216), based
on the bulk MgH, structure,” are shown in Figure 6. As we can
see in Figure 6, although optimized with low-order symmetry
constraints (C, or Cg), these nanocrystals are symmetric (of
near S, symmetry) and “crystalline”. All four nanocrystals have
been constructed in a similar “bulk-like” way, and optimized
using the same “accurate” method and computational
technique. Therefore, the dotted curve which describes the
variation of their desorption energy with size (n), in Figure 7, is
very smooth and monotonous, in contrast to the same curve for
medium and large size “amorphous” nanoclusters as we can see
in Figure 7.

This allows a safe (and smooth, as we can see in the figure)
extrapolation of AE4(MgH,)y all the way to infinity using the
well-known N7'2 dependence.*™'® On the basis of this
dependence, we have fitted the data of Figure 7 to the
continuous line of the form:

AE/(MgH )y =a + bN'? )
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Figure 6. Optimized structures of “crystalline” (MgH, )y nanocrystals
for N = 48 (a), 120 (b), 169 (c), and 216 (d).
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Figure 7. Desorption energy AE,, in kJ/mol, of the Mg,H,, (“non-
crystalline”) nanoclusters and the (MgH,), (“crystalline”) nanocrystals
as a function of n, obtained at the DFT/MOG6 level of theory, together
with their extrapolation to infinity.

obtaining a = 76.5 + 1.2 kJ/mol and b = 29.0 & 5 kJ/mol.
Therefore as N — oo, AEy(MgH,)y — 76.5 kJ/mol, which is
(within chemical accuracy) the measured experimental value of
the infinite MgH, crystal. We have, thus, obtained with high
accuracy the bulk AE4(MgH,)y value. This type of accuracy
was rather unexpected.

In analogy, but not in real similarity, to the bulk-like
“crystalline” (MgH,), nanocrystals, which are structurally and
electronically similar, we have attempted to describe the
asymptotic variation of AE, for the noncrystalline Mg, H,,
nanoclusters with an “analogous” relation of the form:
AE4(Mg,H,,) = Ay + An~/C*) 5 > 0 of eq 8.

In this form we have allowed for the possible variation of the
3-D exponent 3, to 3+, through the compensation of a “fractal
dimensionality”. Using our results for medium and large
nanoclusters we have found 6 2 0.3 and A, = 54.02, A, = 86.96.

The corresponding curve is also shown in the dashed blue
curve in Figure 7.

Looking now at this curve in Figure 7, part of which we have
seen in Figure 3, we can see that it drops faster than the
crystalline curve (n~"/%) for large n, approaching asymptotically
a lower value (A, = 54.02) than the crystalline bulk. This value,
smaller than 76.5 kJ/mol, but larger than 45 kJ/mol, is in the
desirable range for optimal desorption energies (and temper-
atures), which is very promising for optimal hydrogen storage
in MgH, nanostructures.

This could be interpreted as a reduction of desorption energy
due to some sort of “cellular disorder”. Thus “amorphized”
nanostructures would be expected to be much more efficient
for hydrogen storage. This interpretation is consistent with
experimental evidence that colloidal MgH, particles as large as
5 nm are “destabilized”” and the expectation that “amorphous”
or “non-crystalline” nanoparticles (larger than 1 nm) could be
promising alternatives to crystalline MgH, for more efficient
hydrogen storage capacities. From the theoretical point of view,
the fact that instead of the “crystalline” exponent of 3, we now
have a larger 3+6 exponent with a 6 value approximately equal
to 0.3, corresponds to a surface fractal dimensionality of about
2.2, consistent with experimental estimations (observations).">

4.2. Dependence on Hydrogen Content. In analogy to
the “non-crystalline” clusters, we have also performed a limited
number of hydrogen additions and subtractions in (and from)
small “crystalline” nanoclusters such as Mg,sHos leading to
Mg,sH,g, nanocrystals, which were further optimized (without
any symmetry constraints). As is indicated in the top of Figure
8, in all cases the additional hydrogens in the form of weakly
bound molecules were the most preferred structures with,
desorption energies much smaller than the stoichiometric
energies, similarly to the noncrystalline clusters, as illustrated
earlier in the upper right portion of Figure Sa. It should be
emphasized (again) here that the desorption energies of the
“crystalline” nanocrystals for the near stoichiometric range x =
2 fall well within the values predicted (and expected) by the
blue fitted curve in Figure Sa for the noncrystalline nano-
clusters, not only in the high «x region (near x & 2), but also in
the very low x range. Sporadic results in the region of x = 0.45
for the most favorable Mg,sH,s, nanocrystal seem to verify a
very dramatic and drastic reduction of (AE,(x;n)) in this
region, as would be expected on the basis of the same curve in
Figure Sa, described by eqs 7 and 8. Thus the x-dependence
seems to be rather similar (but not identical) for both
“crystalline” and “non-crystalline” Mg,H,,,. nanostructures. This
is very important for “molecular designing” of optimal
hydrogen-storing MgH nanocomposite structures, and very
encouraging for a near quantitative description of both n and «
dependence, which could serve as both extrapolation and/or
interpolation formulas. This needs additional work which is
currently underway.

5. CONCLUSIONS

We have properly selected and implemented a DFT based, and
CCD(T) validated, methodology for the accurate calculation of
desorption energy and its variation with size and hydrogen
content, in order to locate possible regions of size and
hydrogen composition for optimal hydrogen storage in Mg
clusters and nanocrystals. Also, we have accurately described
and rationalized the size dependence of the desorption energies
for Mg,H,, nanoclusters and (MgH,)y nanocrystals, separately
and independently of each other, using general principles and
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Figure 8. Low-energy structures of Mg,sHog,, nanocrystals in the order of decreasing stability from top to bottom. Red spheres denote the additional

hydrogens.

dimensional arguments. Such a type of analysis allows the
development of quantitative relationships which can be used as
extrapolation or interpolation formulas for the evaluation/
estimation of the desorption energies at various sizes.

We have described and rationalized the absolute and stepwise
hydrogen desorption of Mg,H, of nonstoichiometric “non-
crystalline” nanoclusters. Such analyses have shown that the
hydrogen dependence follows a similar pattern for all medium
and large size nanoclusters.

The calculated average desorption energy curve for all
Mg, H,, nanoclusters, for n > 6, is characterized by a large value
at the stoichiometric concentrations x = 2, and a strong dip to
around 50 kJ/mol for very low substoichiometric concen-
trations in the region of x & 0.4. Such behavior is corroborated
by the experimental findings.”~'* For the near stoichiometry
[MgH, ]y, x & 2, crystalline nanocrystals, the behavior around
the maximum value at x = 2 is practically the same. For the
stoichiometric [MgH,]y crystalline nanocrystals we have
judicially and very successfully extrapolated the fitted curve,
of the form AE4(MgH,)y = A+BN~"3 to obtain the desorption
energy of infinite (MgH,)y bulk hydride with chemical
accuracy. For the stoichiometric noncrystalline Mg,H,, nano-
clusters, the fitted curve for the size dependence has a similar
but not identical form: AE;(Mg,H,,) = A’ + B'n™"/3*) with §
=~ 0.3, A’ = 54 kJ/mol.

Contrary to the crystalline nanocrystals, the extrapolated
value to infinity (54 kJ/mol) is considerably smaller (and very
close to the desired value for applications) than the crystalline
bulk value, and the predicted values drop with size much faster.
This is highly suggestive that we could have desirable
AE4(Mg,H,,) values (around 45—55 kJ/mol) for noncrystal-
line MgH, small-scale particles (powders, colloids, etc.) and
nanoparticles of suitable size. This conjecture is in full
agreement with experimental evidence that colloidal MgH,
particles as large as 5 nm are destabilized and that ball-milled
MgH, samples show considerably lower (45 °C lower)
desorption temperatures.

Concerning the stoichiometry and concentration of hydro-
gen, x, our results clearly show that very low substoichiometric
concentrations around x = 0.4 should be very efficient in
substantially reducing desorption energies (and temperatures).
This last feature, which is supported by recent experimental
observations,”'? in conjunction with reduced particles size and
“amorphicity” are, according to our results, the most prominent
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directions for most efficient hydrogen storage in magnesium
hydride nanocomposite systems.
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