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Abstract

Controversy currently exists as to the true effects of nanostructuring and transition-metal
doping on the dehydrogenation of MgH,. Following extensive datamining of structurally
related compounds, we present for the first time, especially for the larger clusters, new
stable structures for (MgH,), clusters, where n = 1 to 10. Using density functional theory
and the harmonic approximation we determine the enthalpy of dehydrogenation for all of
these clusters. All clusters have very different structures from the bulk, with one- to four-
fold hydrogen coordinations observed, and three- to seven-fold magnesium
coordinations. We find that, apart from the smallest clusters, enthalpy is larger than for
the bulk. Nanostructuring does not improve dehydrogenation enthalpies. We attribute this
to surface energy effects; as the (MgH,), clusters reduce in size bulk cuts become less
stable until a stabilising reconstruction occurs which strongly modifies the cluster
structure. This increases the magnitude of the dehydrogenation enthalpy. Accurately
determining the structures of clusters is essential in determining gas-release

thermodynamics for applications. Additionally we investigate modifications of these



clusters, in particular Ni-doping. We find that Ni substitutional doping energies are
substantially lower than in the bulk, and that H, removal energies are substantially less.
Nickel-doping will improve the dehydrogenation thermodynamics and kinetics of MgH,

clusters.
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1: Introduction

Energy storage and supply are urgent issues that need to be addressed by advanced
societies for future prosperity. A transition needs to be made from the current energy
economy, where fossil fuels dominate, to cleaner and renewable fuels. Hydrogen is a
favoured replacement as it can be used as a fuel in combustion engines,' can be used in
energy efficient fuel cells,® and has a large energy density of 119 kd/mol. However the
development of affordable, compact and safe storage and transportation systems for
hydrogen presents real challenges.?**°®" A favoured material for hydrogen storage is
magnesium hydride (MgH), as it has a high gravimetric hydrogen storage capacity of 7.6
wt% and is cheap and plentiful. However, unmodified MgH, is not suitable for
technological applications due to a high enthalpy for dehydrogenation of 77 kd/mol.? low
plateau pressure of 10 Pa at ambient temperature and pressure,® and relatively slow

absorption and desorption kinetics.'°

Nanostructuring and doping are popular methods of modifying properties of materials, as

is the case for MgH,. Nanostructuring, via ball-milling,***2

or via wet-chemical synthesis
using surface monolayer protection,***** has being perceived to reduce the enthalpy for
dehydrogenation. If H, release is a surface-desorption limited process,*® then
nanostructuring may modify surface curvature, hence dehydrogenation thermodynamics,
and increase the specific surface area, hence dehydrogenation kinetics. Simulation has
also demonstrated that nanoscale (MgH.), clusters, cut from the bulk, also possess lower

17,18,19,20
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dehydrogenation enthalpies than the bul Interestingly however, in these

simulations only very small clusters (n= 1 to 4) possess lower dehydrogenation



enthalpies than the bulk, larger clusters actually possess dehydrogenation enthalpies
greater than that of the bulk, nanostructuring will only improve thermodynamic
properties if it is possible to synthesize MgH, as molecular-size units, larger units are less
stable than the bulk. At the nanoscale, it is well-known that cluster structures can be
vastly different from the bulk, strongly modifying energetics. Furthermore, global
structure determination is a major scientific problem.?*#*% As calculations on MgH,
clusters use bulk cuts as starting structures there is a large degree of destabilisation, thus
dehydrogenation enthalpies are underestimated. Previous work has only comprehensively
searched the potential energy surface of the very smallest (MgH,), clusters, candidate
global minima structures have not being demonstrated. Moreover, solid solutioning of
other dopants, e.g. Ti, Fe and Ni, can also alter the electronic structure and bonding

strength between hydrogen and Mg. Dopants that have been investigated include 3d-
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transition metals, metal oxides,?” and non-metallic elements, e.g. C and Si.
Among all the additives considered for modification of MgH, storage properties, Ni in
particular shows great promise in reducing the dehydrogenation temperature and
enhancing the hydrogen desorption kinetics. Liang et al. report that mechanically milled
MgH, with Ni as a catalyst yields better absorption kinetics upon rehydrogenation than
that of a mechanically alloyed Mg-Ni alloy.** However, catalysts do not substantially

change the thermodynamic properties of MgH,. It is an open question how

nanostructuring affects the thermodynamics of doping.

In this Paper, we present the results of a systematic ab initio investigation of the

geometry, electronic structure, and thermodynamics of the series of (MgH>), clusters, for



n =1 to 10. We find, using initial structures datamined from the literature, several new
structures for MgH, clusters that are significantly more stable than those previously
reported. These structures are vastly different from the bulk cuts, with implications for
the dehydrogenation enthalpy. The reconstruction of the (MgH,), clusters enhances
stability, and for the majority of clusters surveyed increases the dehydrogenation
enthalpy. Extrapolation to the bulk does not demonstrate any strong reduction in
dehydrogenation enthalpy. We also demonstrate that transition metal doping, via nickel
substitutional doping, is substantially easier for the clusters than for the bulk. This is due
to the significantly enhanced surface energy. Nickel doping is, furthermore, demonstrated

to be highly effective in modifying both dehydrogenation thermodynamics and kinetics.

2: Theory

The VASP density functional theory (DFT) program was used to model the structure and
energetics of MgH, and Ni-doped MgH, systems.*! DFT is the method of choice for both
bulk and surface studies.*” We consider both bulk MgH, and nanoscale (MgH.),
particles, where n =1 to 10. For all clusters, a cell of dimensions 15 x 15 x 15 A® was
used, energies are well converged for this unit cell size. A plane-wave cutoff of 370 eV
was used for both undoped and doped cluster systems, with the Projector Augmented
Wave method used to treat the core electrons.® In order to fully understand trends, all
calculations were performed using several different exchange-correlation functionals,
namely LDA* PBE=* and PBESol.*® Some additional calculations on the
dehydrogenation enthalpy were performed using the B3LYP functional,®"* for these we

only consider dehydrogenation from the n=2, 4, 6, 8, and 10 clusters. We present the



results of our PBESol calculations, with LDA and PBE structures shown in the
Supplementary Information. After complete dehydrogenation, the end-products are the
clusters Mg, wheren=1, 2, 3,4,5, 6, 7, 8, 9, and 10. These clusters were also modelled,
and taken to be global minima. * Temperature corrections to the internal energy are
calculated within the harmonic approximation. All dehydrogenation enthalpies are
calculated at a temperature of 573 K, to enable comparison with experiment. The
enthalpy of the H, molecule is calculated by taking the zero-point energy and adding 5/2
kT.*° From a simple thermodynamic analysis dehydrogenation enthalpies suitable for

hydrogen release at room temperature are those between 0.31 and 0.62 eV/H,.*

For each cluster n the thermodynamics of nickel-doping is also investigated, this involves
the replacement of a single Mg atom with a single Ni atom. Dopant formation energies
are calculated with respect to the bulk Mg and Ni crystals. All of these calculations were
performed using the PBESol functional, as the PBESol functional was designed to
improve the performance of GGA functionals in describing solids. It is therefore most
likely to minimize errors when considering the combination of MgH,, Mg, and Ni solids.
Furthermore, all calculations were spin-polarised. Multiple Ni doping sites are
considered for each cluster, we consider all possible Ni dopant sites for each cluster, e.g.
three-fold, four-fold, five-fold, six-fold and seven-fold site. We thus performed twenty
separate calculations in total. As there are no global minimum structures for Ni-doped
Mg clusters, we cannot rigorously determine dehydrogenation enthalpies. In order to
determine the effect of Ni-doping on hydrogen release properties, we calculate the

hydrogen removal energy



ERem = ETot(MgnHZn) - ETot(HZ) - ETot(MgnH2n72)

where E1oi(MgnH2n) is the total energy of a (MgH,), cluster, Erq(H>) is the energy of an
isolated hydrogen molecule in free space, and Ero(MgnH2n 2) is the total energy of a
(MgHy),, cluster after 2H atoms are removed and the cluster is allowed to relax. The more
positive Eren the stronger the hydrogen is bound. For room temperature applications,
removal energies from 0.2 to 0.7 eV/H; are desirable.* It is not known a priori which
MgnHa2n 2 cluster has the lowest energy structure, therefore we relaxed multiple MgnHa;, 2
structures. Each structure was generated by removing two H atoms from the parent
MgnHa2n cluster. For each cluster we exhaustively survey all potential hydrogen deficient
clusters and take the lowest energy structure, this is done by removing all possible pairs
of hydrogen atoms that are symmetry inequivalent (e.g., have different local bonding). In
total, sixty-nine hydrogen-deficient clusters were considered. The same procedure is also
used for the lowest energy Ni-doped clusters; where in total forty-two hydrogen-deficient

clusters were considered.

To facilitate comparison of cluster thermodynamics and dopant energies with the bulk,
simulations of MgH,, Mg, and Ni were performed. A Monkhorst-Pack net was used to
sample reciprocal space, with a net of (3x3x3) used for MgH,, and (11x11x11) nets for
Mg and Ni. Lattice parameters for MgH, were found to be a = 4.460 A (underestimate of
0.9%), ¢ = 2.987 A (underestimate of 0.8%).** Lattice parameters as found with LDA,

PBE and PBESol are shown in Supplementary Information. The numbers in brackets are



percentage underestimates when compared to experiment. For Mg we find lattice vectors
of a=3.177 A (an underestimate of 1.0%) and ¢ =5.152 A (an underestimate of 1.2%
compared to experiment), while for Ni we find a = 3.462 A, an underestimate of 1.6%
compared to experiment. We determine the surface energies of MgH,—(110) and Mg—
(0001) (the lowest energy surfaces) with PBE, by using (2x2x3) supercells for MgH, and
(3x3x5) supercells for Mg. Substitutional Ni doping of MgH, is modelled using a
(4x4x5) unit cell, where one Ni atom substitutes for one Mg. All structures were relaxed
until the change in energy was less than 107 eV, with all interatomic forces converged to

0.001 eV/A. The stability of all structures was checked using vibrational analysis.

3: Results

3.1: Cluster structure determination and thermodynamics

Bulk cuts of MgH, will not be stable at the nanoscale, therefore we must seek alternative
structures. We found candidate structures for (MgH,), clusters by datamining the
literature of cluster structures of compounds with similar structures and stoichiometries.
In particular, we use (TiO,), clusters as initial structures for relaxation, as TiO; has a
stable phase with the rutile structure. There is a considerable amount of literature on the
global minima structures of TiO, clusters.?2****444> Eyrthermore, in order to check the
rigorousness of this approach we also considered candidate structures derived from
different materials, namely SiO5,*® and MgF..*"* In order to survey the potential energy
surface, especially of the smaller nanostructures, we relaxed many (59 in total) candidate
structures. The lowest energy, and for certain sizes second lowest energy, cluster

structures are shown in Figure 1. It is clear that the structural motifs present in these



clusters are significantly different from the bulk, where hydrogen is three-fold bound to
magnesium, and magnesium is six-fold bound to hydrogen. In the clusters one- to three-
fold hydrogen coordination can be seen, with four- to seven-fold magnesium
coordination. From comparison of our results obtained with different functionals we see
that different lowest energy structures are found with different functionals, see the
Supplementary Information. We are able to compare the stability of our structures with

those of Koukaras et al.,®

and can report that apart from the smallest clusters our
structures are more stable than those reported. Our cluster structures are more stable by
0.009 eV to 0.321 eV, with the PBE functional, 0.015 to 0.233 eV with the LDA
functional, and 0.011 to 0.273 eV with the PBESol functional. In particular, we find
much lower energies for the larger clusters, with major implications for extrapolation to

the bulk. The lowest energy structures are typically those that were sourced from TiO»,

SiO,-derived and MgF,-derived structures are higher in energy.

For (MgH.),, we find that a flat cluster structure composed of two slightly bent MgH,
monomers forming a square is most preferred. It is feasible to generate larger linear
cluster structures using this initial structure, e.g. for (MgH>)s or (MgH>)4, but they are
higher in energy than more compact structures. There are clear structural similarities
between (MgH2)s, (MgH2)4, and (MgH>)s, with two one-fold hydrogens at either end of
the cluster. All of these clusters have high degrees of symmetry, however (MgH,)s and
larger clusters do not. Indeed, (MgH2)s has a strong resemblance to (MgH,)s + MgH,
bound together, but with additional distortion, and (MgH,); resembles (MgH;)s + MgH;

with additional distortion. The (MgH,)s cluster has a very high degree of symmetry; we



therefore expect this cluster to be more stable towards dehydrogenation than other
clusters of a similar size. Both (MgH,)s and (MgH>)10 are more compact clusters with no
short H-H distances. Both of these clusters feature (strongly distorted) MgHs octahedra,
two for (MgH.)s and six for (MgH>)10, and thus demonstrate some bulk-like structure. In
general, as outlined in the Supplementary Information, the potential energy surfaces of
MgH; clusters are quite similar for LDA, PBESol, and B3LYP functionals, all of which
strongly differ with the PBE results. Additionally, we have compared our cluster
structures to relaxations of bulk cuts, specifically (MgH,)4, (MgH,)s, and (MgH>)1o, all of
which are higher in energy (by 0.1180 eV/f.u.,, 0.1580 eV/f.u., and 0.0417 eV/f.u.

respectively).
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Figure 1: Minimum energy structures of (MgH,), clusters as found with the PBESol
functional: (@ n=2,(c)n=3,(e)n=4,(@)n=5@{0)n=6,kkn=7,(m)n=8, (nN)n=9
and (0) n=10. The second lowest clusters for n=2 (b), n=3 (d), n=4 (f), n=5 (h),
n=6 (j), and n =7 (I) are also shown, the number below each of these structures is the
total energy difference in eV per formula unit when compared to the lowest energy
structures. Magnesium is represented by the green sphere, and hydrogen by the white

spheres.

Using the lowest energy structures, the dehydrogenation thermodynamics for the cluster
structures and the bulk were determined; see Figure 2, with values given in the
Supplementary Information. We present results as calculated using all functionals. For
the bulk, dehydrogenation enthalpies calculated using the LDA functional, at 0.851
eV/H,, are closest to the experimental value for the dehydrogenation enthalpy of 0.805
eV eV/H, at 573 K, Ref 8. The PBE functional strongly underestimates the
dehydrogenation enthalpy, with a value of 0.497 eV/H,, an underestimate of 38%. The
PBESol functional only partially corrects for this underestimate giving a value of 0.563
eV/H,. Due to the well-known issues regarding hybrid functionals and metal systems, we
do not calculate bulk dehydrogenation enthalpies with the B3LYP functional.
Furthermore, it is apparent that dehydrogenation enthalpies are largest as found with the
LDA and are smallest as found by the PBE. Both B3LYP and PBESol calculations find
intermediate dehydrogenation enthalpies. Our results are in agreement with the

conclusions of Pozzo et al., who found that due to a fortuitous cancellation of errors the



LDA functional most accurately determines the dehydrogenation enthalpy of bulk

MgH,.*

For the LDA, PBE, and PBESol functionals we can explicitly compare nanoparticle
dehydrogenation enthalpies to the bulk. Only the smallest cluster, the (MgH), cluster has
a smaller dehydrogenation enthalpy than the bulk as found by all three functionals. Using
the PBE and PBESol functionals the (MgH); and (MgH,)s clusters have similar
dehydrogenation enthalpies than the bulk, whereas with the LDA functional these clusters
have slightly smaller dehydrogenation enthalpies. With all functionals larger clusters
have larger dehydrogenation enthalpies than the bulk. We conclude that nanostructuring
will not improve the thermodynamics for H; release, unless the (MgH,), cluster can be
formed. With our comprehensive survey of cluster structures we have a strongly different
energy profile for the clusters than that determined by Wagemanns et al., 1’ who found
that nanostructuring MgH, improved dehydrogenation thermodynamics for n =2 to 6. In
comparison with Wu et al., our PBE dehydrogenation enthalpies are higher for all
clusters, while our LDA dehydrogenation enthalpies are lower for large clusters.™ For the
PBE case we attribute this difference to our choice of more stable structures for the
clusters increasing the enthalpy of dehydrogenation. Furthermore, Wu et al. use a
localised triple-C basis set which typically for larger clusters provide enhanced stability.
Finally, we note that for smaller clusters (n=2 to 5) our PBESol calculations are in
agreement with the highly accurate quantum Monte Carlo calculations of Wu et al., while
for larger clusters (n = 6 to 10) our LDA calculations are in agreement with the quantum

Monte Carlo calculations. For reference, the dehydrogenation enthalpies of several MgH,



clusters were determined using the B3LYP functional. As for the quantum Monte Carlo
calculations of Wu et al. the smaller cluster enthalpies are in closer agreement with
PBESol results while larger cluster dehydrogenation enthalpies are in closer agreement
with LDA results. The PBE enthalpies fare the worst in matching the hybrid functionals.
This is somewhat counterintuitive, PBESol functionals are optimised for bulk systems
therefore it would be expected that they would do worse for cluster systems than normal
PBE. This is not the case here. For the size regime where nanostructuring is expected to
have a neutral or beneficial effect on thermodynamics, the PBESol functional results
should give the best agreement with experiment for non-hybrid functionals. We surmise
that the self-interaction error of PBESol for MgH, clusters is reduced when compared
with PBE. Indeed, our PBESol calculations strongly indicate that nanostructuring does
not improve Hj-release thermodynamics with respect to the bulk, in agreement with
experiment.”® Our results are in agreement with the work of Reich et al., who determined
from simulation of a single amorphous (MgH>)s1 cluster that nanostructuring does not
improve dehydrogenation thermodynamics.” Unlike the work of Reich et al., we have
sampled many potential cluster structures and furthermore have considered different
cluster sizes. We have demonstrated the existence of substantially more stable clusters at
larger sizes. As MgH, cluster stability increases for a given cluster size, dehydrogenation
enthalpy increases. Thus nanostructuring does not improve thermodynamics, only

kinetics.

Finally, we can extrapolate from our enthalpies for dehydrogenation of MgH, clusters to

the bulk, taking the values for n =6, 7, 8, 9, and 10 and fitting to a quadratic curve. We



find that both LDA and PBESol functionals predict that for infinite cluster size
dehydrogenation enthalpies are lower than those predicted for the bulk, significantly so at
0.739 eV/H; for LDA and slightly smaller for PBESol 0.543 eV/H,. In contrast,
reinforcing our observation that the PBE functional is quantitatively different for MgH,
than the LDA and PBESol functionals, we find at infinite cluster size dehydrogenation
enthalpy is at 0.511 eV/H, greater than the predicted value for the bulk. Even for the best
case scenario, dehydrogenation enthalpy is not strongly modified. Based on the variety of
structures considered, extrapolation from low-energy cluster structures does not indicate
that noncrystalline structures possess better dehydrogenation thermodynamics, in

contradiction with previous suggestions.?’

It has been predicted that due to surface energy effects, reducing the size of MgH,
crystallites will result in a reduction of dehydrogenation enthalpy.®** Furthermore,
simulations on Mg nanowires of various diameters also find a direct dependence on
nanowire diameter and desorption enthalpy.®® As the surface energy of MgH(110) (0.43
Jm~in our calculations) is greater than the surface energy of Mg(0001) (0.32 Jm™), with
decreasing particle size hydrogen desorption enthalpy decreases. This is due to the

correction factor to the enthalpy of®

Vg ¥ g _3VMgH2}/MgH2

AH =AH® +3

7 mg Y vgH,
where 4H is the enthalpy of the cluster, 4H° is the entropy of the bulk, Vg iIs the molar
volume of magnesium and yvq is the surface energy density of magnesium, while Vg is
the molar volume of MgH, and yugH2 is the surface energy density. The key difference

between these analyses and our results is that the authors assume that the structures of the



Mg and MgH, crystallites remain bulk-like into the nanoscale. Our MgH, cluster
structures, as outlined above, are radically different from the bulk. This is clearly caused
by the increasing surface energy due to decreasing cluster size; at a critical size
reconstruction of the bulk cuts will become energetically preferred, with an associated
decrease in surface energy. In contrast, the Mg clusters do not strongly reconstruct. As
the surface energy of the MgH, cluster is smaller than the surface energy of the
corresponding Mg cluster, then the enthalpy of dehydrogenation will increase. In fact,
this stabilisation effect upon large-scale reconstruction is a general result independent of
material. Upon large-scale reconstruction of a cluster structure, simple trends

extrapolated from the bulk are no longer valid.
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Figure 2: Dehydrogenation enthalpies per H, molecule for (MgH), clusters, as obtained
using various functionals, plotted as 1/n. For comparison we also show dehydrogenation

enthalpies obtained from Wagemann et al. (ref 17) and Wu et al. (ref 19) for different



cluster sizes, and the experimental value for the bulk (ref Error! Bookmark not
defined.). The functional used for each calculation, as well as the lead author, is

identified in the inset, while DMC refers to a quantum Monte Carlo calculation.

3.2: Nickel doping

Experimentally, transition metal dopants have been shown to improve hydrogen storage
thermodynamics. Substitutional doping of nickel onto magnesium sites of the MgH,
crystal has been demonstrated to reduce dehydrogenation thermodynamics.'®? Interstitial
doping sites for Ni dopants are lower in energy,® however upon complete
dehydrogenation to Mg the Ni interstitials would migrate to fill Mg vacancies. As the
(MgH,), clusters present radically different structural motifs to the bulk, it is expected

that the defect formation energies are also different.

We performed a comprehensive survey of the Ni-dopant sites and energetics for (MgH>)n,
where n =2 to 10. The lowest energy site for each Ni dopant is shown in Figure 3. To
simplify discussion, in this section we use (MgH>), to refer to a Ni-doped cluster, e.g.
(MgH,)s represents (MgH,)sNiH,. As can be observed, the Nickel atom prefers to
substitute for Mg atoms that bind to multiple hydrogen atoms. Furthermore, the Ni
dopant has a strong perturbative effect on the hydrogen atoms surrounding it, shortening
H-H bonds, in particular for (MgH,)s. The Ni—H bonds are significantly shorter than the
Mg—H bonds, with he former being between 1.4 and 1.6 A and the latter being between

1.9 and 2.1 A.



Figure 3: Lowest energy Ni doping sites, for (MgH,), clusters, where n = (a) 2, (b) 3, (c)

4,(d)5, (e) 6, (f) 7, (9) 8, (h) 9, and (i) 10. Blue spheres represent the Ni dopant.

The dopant formation energy is calculated using
Er(Mgn_1NiH2,) = E1ot(Mgn_1NiH2,) + E1ot(MQ) — E1ot(MgnH2n) — E1ot(Ni)

where Etoi(Mgn 1XHz2n) is the energy of the doped cluster, E1o:(MQ) is the energy of a Mg
atom (using bulk Mg as the reference), Eto((MgnH>y) is the energy of the undoped cluster,
and Ero(Ni) is the energy of a Ni atom (using bulk Ni as the reference). The defect
formation energies are shown in Table 1. It is immediately obvious that for all of the
clusters where n > 3 it is far easier to substitute Ni into the MgH,, lattice than for the bulk.
Indeed, for n =5, 6, 8, and 9 the energy cost is trivial, with the (MgH,)s cluster unstable

with respect to Ni-doping.



Er (eV)
Bulk Rutile MgH, 1.64
(MgHz)z 2.01
(MgH>)3 0.60
(MgH,)s 0.22
(MgH>)s 0.01
(MgH,)s 0.00
(MgH2)7 0.21
(MgH,)s -0.08
(MgH,)s 0.00
(MgH2)10 0.15

Table One: Calculated defect formation energies for NiM@,x dopants. Units are in eV

As Ni dopants have a significant effect on the geometry and electronic structure of the
MgH;, cluster, we also calculated the effects on the dehydrogenation thermodynamics. In
particular we calculate the removal energy for first H, removal from both the undoped
and Ni-doped MgH; clusters, see Figure 4. As outlined in the Results section, we do not
consider Ni-doped Mg clusters. Ni-doping significantly reduces the removal energy,
typically by 0.2 to 0.6 eV. Similar results have been observed for Ti or Fe-doping of
(MgHy)31, see Ref 43. In particular, Ni-doping has a significant effect on the (MgH.)s and
(MgH2)10 clusters, lowering their removal energies to 0.28 and 0.13 eV/H, respectively.
This is in the ideal range for room-temperature hydrogen release. For ideal clusters,
initial H-release involves the liberation of the weakly bound one-fold coordinated and
two-fold coordinated hydrogens. However, for Ni-doped clusters initial hydrogen release
is from a hydrogen atom of the NiH, complex and a neighbouring hydrogen which is not

bound to the nickel atom.
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Figure 4: Calculated removal energies for single H, removal from undoped and Ni-doped

(MgHy),, clusters. All units are in eV.

We calculated the charge deformation density in order to understand the effects of Ni
dopants on the electronic structure of the MgH clusters and thus the mechanism behind
the reduced removal energy, see Figure 5. There is significant electronic density donation
from the H™ ions to an empty d-state of the Ni dopant. This can also be observed in Bader
partial charge analysis, where in the undoped clusters the hydrogen has an average charge
of —0.78e but upon Ni-doping the four hydrogen atoms of the NiH; complex have a
reduced charge of —0.38e. As the Mg—H bond is partially ionic, any reduction of the H™
anion charge will weaken the bonding between these ions, while as H™ cannot donate all

of its electron density to the Ni dopant any Ni—H bonds formed will be weaker than in the



bulk. Hence the competition of these two effects acts to destabilise hydrogen bonding in

the Ni-doped cluster.

Figure 5: Charge density difference of Ni-doped (MgHy);, orange denoting charge
density depletion and blue denoting charge density accumulation. Electronic density is

transferred from H™ ion to d-state of the Ni dopant. Isosurfaces are drawn at 0.1 |e|A®,

4: Conclusions

We have obtained the structural and thermodynamic properties a representative variety of
(MgHy),, clusters, where n =1 to 10. We thus discover new low-energy structures, which
possess radically different structural motifs than the bulk rutile phase, with hydrogen
atoms forming single, double, triple, and quadruple bonds with magnesium. Using
accurate calculations of the dehydrogenation enthalpy, we demonstrate that, considering
our new low energy structures as strongly favoured in the nanostructuring process,
nanostructuring at these sizes do not improve dehydrogenation thermodynamics. Indeed,

nanostructuring provides a slight worsening of dehydrogenation thermodynamics. We



attribute this to surface energy effects, the (MgH>), clusters reconstruct from the bulk into
lower energy structures with a reduced surface energy. Thus reconstruction enhances
their stability compared to the bulk. This phenomenon can be generalised to many
hydrogen storage, and indeed gas-storage materials, although the details of whether this
will enhance or reduce stability will also depend on the stability of the dehydrided
material. Any improvements observed in H, release properties by nanostructuring MgH-
are primarily kinetic, e.g. increasing the specific surface area. We have extrapolated
trends in stability from the larger “amorphous” clusters to the bulk. We demonstrated that
the amorphous structures do not strongly reduce dehydrogenation enthalpy.
Improvements in thermodynamics, if any, are minor. In principle, the smallest “bulk-
like” MgH, cluster will have a lower dehydrogenation enthalpy than the bulk, however
such clusters will be of a size larger than considered in this Paper. It is essential to
accurately determine the structures of cluster in order to understand the trends of

properties at the nanoscale.

We have also investigated the thermodynamics of transition-metal doping of bulk and
nanoparticulate MgH,. We find that, compared to the bulk, substitutional doping of
nanoparticulate MgH, is substantially easier. Indeed, (MgH>)s,6,8,9 are all magic numbers
for Ni-doping, as they have dopant formation energies that approximately zero or are
negative. This is due to the large effective surface areas. Furthermore, we demonstrate
that Ni-doping enhances Hj-release thermodynamics, enabling initial H, release at
substantially lower energies than for the undoped (MgH>), clusters. This is due to the

presence of the empty d-states of the Ni dopant modifying the binding and lessening the



charge of H™ ions, weakening the Mg-H bond and allowing lower temperature H, release,

with major implications for optimising the hydrogen-release properties of MgHs.

Our calculations thus show that, based on a study of low energy structures,
nanostructuring by itself will not allow MgH; to function as a near-room-temperature
store. However, we also demonstrate that nanostructuring allows facile transition metal
doping and that this is a route towards improved hydrogen storage thermodynamics. It is
clear that MgH, nanostructuring in combination with transition metal doping is a route
towards low-temperature hydrogen storage and release. We suggest that designing novel
MgH; hydrogen storage systems by combining these approaches will result in radically
improved dehydrogenation thermodynamics. We therefore urge that further experimental
and theoretical investigations be performed on these systems to clarify electronic and

structural properties.

Supporting Information

Density Functional Theory lattice parameters of Mg and MgH,, lowest energy and
selected second lowest energy structures of (MgH.), of clusters as obtained using PBE,
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Dehydrogenation enthalpy
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The structures and thermodynamics of bare and Ni-doped (MgH>), nanoparticles were
determined by ab initio simulation. In contrast to predictions from classical theory (blue
line), dehydrogenation enthalpy increases with decreasing nanoparticle size (black line)
for majority of nanoparticle sizes. This is due to radically different nanoparticle structures
with respect to the bulk. For larger nanoparticle sizes, we predict there will be

convergence to dehydrogenation enthalpies that are not radically different from the bulk

(red line).



