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Nanoscale Li and intermetallic AlI-Mg metal hydride clusters are investigated as a possible
hydrogen storage material using the high-level quantum Monte Carlo computational method.
Lower level methods such as density functional theory are qualitatively, not quantitatively
accurate for the calculation of the enthalpy of absorption of H,. At sizes around 1 nm, it is
predicted that Al/Mg alloyed nanoparticles are stable relative to the pure compositions and
the metal composition can be tuned in tandem with the size to tune the hydrogen absorption
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energy, making this a promising route to a rechargeable hydrogen storage material.

Introduction

Finding a portable fuel to replace petroleum poses an enormous
challenge, since liquid gasoline is energy-dense, safe and easy to
transport, and has an existing infrastructure. Batteries have
much lower energy density and long charge times, and biofuel
generation is still economically inefficient while potentially
displacing valuable agricultural resources.! Using hydrogen as
an energy carrier is very attractive, since it offers high energy
density, can be generated cleanly from water,> and is used
efficiently by fuel cells. However, since hydrogen at atmospheric
pressure has a very low volumetric energy density, costly high
pressure tanks must be used to achieve sufficient capacity for
onboard vehicular storage.> Metal hydrides are attractive as
vehicular hydrogen storage materials due to their high hydrogen
content, thermodynamic stability relative to physisorption materials
(which require cryogenic temperatures to achieve high hydrogen
concentration), and ease of containment relative to high-pressure
gas.* However, a major obstacle for most metal hydrides
is insufficient equilibrium H, vapor pressure under conditions
expected for fuel-cell operation. The desirable range of desorption
enthalpies (AH°) is narrow, around 20-50 kJ mol~',* to allow H,
desorption at standard operating temperatures for a polymer
electrolyte membrane fuel cell while remaining stable enough to
be recharged at the H, pump.
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The narrow range required for AH® lies roughly between
two physical bounds: chemical bonds that are usually too
strong, and hydrogen bonds that are usually too weak.
Combined with the strict weight requirements, it is a challenge
to find a bulk material with ideal physical properties. One
promising strategy to address this problem is to utilize the
surface energy of materials at the nanoscale as an additional
lever to adjust AH°. Nanoscale hydride materials have been
successfully synthesized.”>”’ NaAlIH, in particular has been
found to be stabilized at the nanoscale relative to decomposition
of the hydrogen both in experiment® and in theory,”'° and also
to have faster desorption kinetics,'®'? LiBH, has also been
considered, showing improved kinetics'® and predicted destabiliza-
tion at the nanoscale.'* However, MgH, is destabilized by less than
10 kJ mol™' H, except at the extremely small scale,'>2° not
enough to put it in the 20-50 kJ mol~' range. The origin of the
observed effects remains an open question, since it is difficult
to experimentally distinguish kinetic effects from changes in
thermodynamics, while theoretical calculations based on density
functional theory (DFT) may not be able to predict AH® to the
accuracy required, as noted by Wu et al. and Wolverton et al. for
clusters of MgH,,'>!® having errors of 1520 kJ mol~' H,
compared to experiment or high level quantum simulation.
Nanoscale hydrogen storage is thus very promising, but it still
remains a great challenge to understand the behavior of AH° to a
sufficient level to design a practical hydrogen storage system.

In this article, we use high accuracy fixed node diffusion
quantum Monte Carlo (DMC) calculations to evaluate the
change in energy in the reaction (MH,,), — M, + "4 H, for
several different metal atoms M (Li, Mg, Al, and two alloys of
MgAl). Our objective is to help resolve two major questions:
first to what extent we can use size and composition to control the
hydrogen desorption energy AH° of metal hydride materials, and
second, how much we can rely on DFT to carry out computational
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Fig. 1 Hydrogen storage material parameters attainable by combining
nanoscale effects and alloying. By performing both, we are able to
access values of the hydrogen desorption entropy that are unattainable
in bulk for stability reasons. Several bulk materials are given; material
parameters are taken from Yang er al*

materials design for hydrogen storage. Our motivation for the
specific choice of metals in this study is as follows. First, both
Li and Mg have a small number of valence electrons, enabling
benchmarking of our methods using high accuracy quantum
chemistry calculations. Second, the bulk MgH, and AlH;
stoichiometries provide two extremes with respect to hydride
stability: MgH> is too stable, making its use in fuel-cell vehicles
unfeasible. On the other hand, AlHj3 is too unstable, making
onboard regeneration unfeasible. In this study, we have found that
mixed Mg-Al nanoclusters are predicted to have intermediate
stability and that their size/composition can be tuned to obtain H,
desorption thermodynamics within the desired range for onboard
hydrogen storage, as summarized in Fig. 1.

Approach

To summarize the computational scheme, DMC calculations
were benchmarked for small clusters using the quantum
chemistry technique CCSD(T) and for the bulk limit where
experimental data are available to verify accuracy. Minimum
energy structures of metal hydride and pure metal clusters
were generated with the number of metal atoms up to 20, and
hydrogen desorption energies AE are evaluated using both DFT
and DMC. This is expected to be a very good approximation to
the change in enthalpy AH°® since standard pressure is very small
compared to the internal energy in these nanostructures.

The most challenging aspect of these calculations is locating
the lowest energy structure of small nanoparticles. In general,
this is an exponentially scaling problem, although in practice
the clusters do adopt the crystalline structure once the number
of metal atoms is large enough. Our interest, however, is in
the ~1 nm regime, where most atoms reside at the surface,
and the cluster is quite different from bulk. Representative
geometries are pictured in Fig. 2.

For the molecular systems, we used NWChem?' with a
cc-pTZP? basis set to evaluate all density functional theory
energetics. Diffusion Monte Carlo calculations were performed
using QWalk® at the B3LYP?* minimum energy geometry.
Using the PBE or other density functionals to find the geometry
did not change the DMC energetics. The orbitals were generated

using the GAMESS® package and used in a Slater-Jastrow
wave function in the QWalk> package. For Li, cusp corrections
were introduced into the basis set for the nuclei, and the Jastrow
factor was the two-body one given in ref. 23. We used the
modified Green’s function given in ref. 26 to obtain a small
timestep error converged at 0.01 Hartrees™ .

For the coupled cluster calculations, we have used the
Tensor Contraction Engine®” in NWChem. To obtain complete
basis set estimates, we have used the extrapolation function
E(n) = Ecps + a/n*, since that extrapolation gave the smallest
change between n = 3,4 and n = 4,5 extrapolations.

For the solid Li and LiH, we used Crystal2003%® to generate
PBE? orbitals for DMC. We averaged over a 2 x 2 x
2 k-point grid for twisted average boundary conditions.*
We then fit to a 1/N,,,, dependence and extrapolated to
remove the finite size corrections. Stochastic errors are given
by the Bayesian technique in ref. 31.

We evaluated the correction to the energy due to thermal
motions and zero-point energy (ZPE) motion of the nuclei in
DFT(PBE) using the harmonic approximation. For most of
the calculations here, we leave it out in order to compare total
energies. Since the ZPE correction is rather small compared to
the differences between theoretical approaches, we account for
the ZPE only when comparing to experimental numbers.

The minimum energy structures for the stoichiometric LiH
nanoclusters can be found by simply constructing rectangular
prisms that contain an equal number of Li and H atoms, as
used by Manby ef al.*? in a different context. We confirmed
using the Prototype Electrostatic Ground State(PEGS)*
searches that these structures are in fact the minimum energy
states. For the other hydrides, we used only the PEGS®
geometries. Briefly, the PEGS method utilizes a Wang-Landau
Monte Carlo algorithm and simple electrostatic Hamiltonian
to rapidly search the potential energy surface of ionic compounds
and produce prototype structures for further refinement with
density functional theory. This now well-established method
successfully finds the correct ground-state structures for bulk
ionic complex hydrides®*=® and has been extended with the
use of Wang-Landau Monte Carlo to obtain minimum energy
geometries for ionic nanoclusters.’ This extensive search
increases the likelihood that the structures subsequently used
in the DMC and DFT calculations represent the lowest energy
for the sizes considered and increases the validity of comparisons
with experimental data.

The minimum energy geometries for the pure metal nanoclusters
are not accurately reproduced using a simple electrostatic potential
and thus require other methods. Fournier and others™ performed a
search for Li, but to our knowledge, structures for other metal
compositions are unknown. The geometry calculations were
performed as following:

1. Generate an atom at the origin.

2. Loop from 1 ton — 1.

(a) Choose an atom currently existing in the cluster.

(b) Generate a new atom by choosing a random direction
and placing it one bond length away.

3. If no atoms are within a cutoff radius of each other,
continue with the calculation. Otherwise, return to 1.

4. Optimize the geometry of the configuration with respect
to the DFT(PBE) energy.
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Fig. 2 Representative structures of the clusters found using the search method discussed in the text. The metal atoms are larger, with Al darker than Mg.

5. After 50 trial configurations are generated and optimized,
stop and determine the lowest energy.

We include the geometries we used as well as their energies in
the supplementary information.t We tested using up to 200 trial
configurations on the cluster MgoAly and found that the energy
had converged to within about 0.5 kJ mol~! H,, well within the
energy changes considered in this work. This method is similar in
concept to the random structure search used by Pickard and
Needs.** Although this algorithm is quite simple, it is able to
reproduce all the clusters found in previous work,* and we cross-
checked this algorithm against the PEGS method for hydrides,
both finding the same lowest energy structures. We also verified
for several compositions that using DFT(PBE)-selected minimum
energy structures instead of using DMC-selected minimum energy
structures did not change the reaction energy.

Results and discussion

In Table 1, DMC results are compared with highly accurate
extrapolated CCSD(T)?’ calculations for clusters for which it
was feasible to converge the CCSD(T) basis. On the other end of
the size spectrum, the DMC results are compared to experiment.
DMC obtains near chemical accuracy for the hydrogen
desorption energy (around 4-8 kJ mol™") for all the reference
values we calculated, with the only exception being bulk LiH,
which has a small error due to an underestimation of the cohesive
energy of Li metal.

Confident that our DMC results are near chemical accuracy
for hydrogen desorption energies, we next use this approach to
evaluate the cluster energies in the intermediate region
between bulk and the very small clusters. This is an area where
the DMC method is particularly useful, since no other method
can calculate energies to the same level of accuracy on clusters
of this size. In this section, we evaluate the accuracy of several
common DFT functionals for this problem, summarized in
Fig. 3. To aid in the comparison, we do not correct these
energies for zero point energy and thus report them as the
quantity AE, the change in electronic energy. Note that curves
for the Mg/MgH, clusters are smoother than in Wu et al.'®
because the cluster geometries used in the earlier work did not
always correspond to the lowest energy structures for each
particle size. We see that the commonly used density functional

Table 1 Desorption energy (kJ mol™!) benchmarks of DMC perfor-
mance. Where reference zero point energy data was available, we
corrected the reference data for zero point energy, marked with ; the
others have the DMC data corrected using PBE estimations of the zero
point energy. The CCSD(T) value marked with a * was performed
with a smaller extrapolation of triples and quadruples, the rest with
quadruples and quintuples

DMC CCSD(T) Exp
LiH=Li + 1Hy ¥ 22.7(6) 22.70
(LiH), = 2Li + H, f 134.5(6) 129.18
Bulk Li + 199.9(6) 181(2)*>!
(MgH»), == Mg + H, —134 —~13.6
(MgH,), = 2Mg + 2H, 46.8 49.1
Mg bulk 77.5(5)'° 75
AlH; = Al + 3H, ¥ 142.0 137.9%
o Al bulk 11(1) 9.9(6)*

theories have errors on the order of £20 kJ mol™' H, compared
to the DMC data.

The low performance of DFT can be understood by a
simple analysis of the bonding patterns of the metallic and
hydride clusters. Generally speaking, the hydride nano-
particles have ionic character, in which the hydrogen acts as
a charge acceptor (see Fig. 4 in which most of the charge
density is localized around the hydrogens), while bonding in
the pure-metal clusters becomes increasingly metallic as the
cluster size increases. Evaluating the difference between these
two qualitatively different states is a challenging problem for
any electronic structure method, since both must be described
to equal accuracy. Since the localization of both the ionic and
metallic clusters changes at different rates as the number of
atoms changes, the error in DFT functionals considered here
also changes as a function of the number atoms. For example, in
this case, it appears that the hybrid functionals M06 and B3LYP,
despite including some portion of Hartree—Fock exchange to
reduce the self-interaction error, are not significantly more
accurate than LDA and PBE. The scaling behavior of AE for
such systems is therefore of use in benchmarking new density
functionals. To that end, we have included raw data in the
supplemental information, sufficient to reproduce our results.

Another route to predict the scaling of energies with size is to
use the Wulff construction, as for example has been employed
by Kim and coworkers for binary hydrides,** who provided
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Fig. 3 The trends of the reaction energy for various methods, along

with fits to AE(n) = a/n** + f (solid lines). The stochastic errors of

the DMC data are smaller than the symbol sizes. The CCSD(T) results

are indistinguishable from the DMC results on these scales.

scaling data for AE proportional to n~ %>, with »n the number of

metal atoms. This method uses the surface energies of the bulk
crystal to construct a minimum energy nanocrystal, and has been
applied to many simple metal hydrides using DFT(PW-91)
energetics for the surface energies. There are two major concerns
with this approach: first with the accuracy of the DFT energetics
themselves, and second with the applicability of the mesoscale
Wulff construction to predict effects at the nanoscale. We can test
both of these using our data.

Fig. 4 The valence electron density isosurfaces at 50% maximum for
MggAlg and MggAlgHyg clusters. Note that the density is diffuse for
the metallic cluster while it is highly ionic for the hydride cluster.
Colors are the same as in Fig. 2.

Our results are compared to the Wulff construction by fitting
our data to an~?? + B, with o and f being fitting parameters.
The resulting parameters are summarized in Table 2 and the fits
are shown compared to the calculated data in Fig. 3. The fits for
Li and Al appear to be quite good, reproducing the bulk limits
without explicit fitting, while Mg has an anomaly also seen by
others,'®?° in which it attains a maximum around 15 metal
atoms, which is due to the formation of a bulk-like core in the
hydride around that size.!” This anomaly does not affect the
following analysis, since the Wulff construction cannot replicate
this effect and pure Mg hydride clusters are too strongly bound
to be a hydrogen storage material, even at the nanoscale. The
DFT « calculated for the nanoclusters (see Fig. 3) are generally
qualitatively correct compared to the DMC, while the results of
the Wulff construction (Table 2) are substantially different,
which shows that the Wulff construction is not accurate at
these very small sizes, as noted by Kim ez a/.* This is due to the
fact that at these ~1 nm sizes, the nanoparticles are too far
from their crystalline form for the Wulff construction to be
applicable. Since most of the changes in AE occur at small
nanoparticle sizes, a bottom-up approach is more amenable to
this problem.

For nanoscale metal hydrides to be used for hydrogen storage,
one must be able to sufficiently control the size to achieve the

Table 2 The fitted parameters for n > 5 in kJ mol™! H,, in the
equation AE(n) = o/n*® + p, where n is the number of metal
atoms. The size range in which the particles are estimated to lie in
the 20-50 kJ mol~" hydrogen desorption energy is also listed. Mg and
Li are not included in the latter because they can never achieve the
20-50 kJ mol~! range

Name DMC B3LYP LDA MO06 PBE Wulff*?

o
Mg —83(8) —11909) —27(3) —65(9) —35@4) —29
MgAl  17022) 119(15) 204(18) 181(27) 183(17) N/A
MgAL  234(21)
Al 229(15)  209(3)  223(20) 268(10) 228(14) 10
Li —11(8) —238) —6(12) 6(6) 2909) 79

B
Mg 1202)  1422)  112(1)  1362)  93(1)
MgAl  50(4) 75(3)  44@d)  66(5)  31(4)

MgAL  28(6)
Al 113 29(1) 204 15  —3(3)
Li 2021 210(1)  2122)  194(1)  172(2)

Estimated size range with AE in the range 20-50 kJ mol ™
MgAl  74-bulk  Never 44-bulk  Never 16-bulk
MgAl, 20-1150
Al 10-40 17-2000 13-100 15-80  7-20
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desired desorption energy of 20-50 kJ mol~'. The predicted
size ranges in which the hydrogen desorption energy falls in
this range are listed in Table 2. Here we can see the effect of the
errors of DFT as manifested in the size range predictions;
the estimated ranges are dramatically different for different
functionals. These predictions are very sensitive to the scaling
behavior, so the accuracy of the methods used is critical. From
the DMC results, note that the estimated size range for the
MgAl alloy is from around 74 metal atoms up to the bulk,
whereas Al alone has only a very small range between 10 and
40 atoms. This confirms that alloying can significantly alter the
size range in which nanoparticles have the desired desorption
energies.

To check our conjecture that alloying interpolates between
the two base metals, we test the MgAl,/MgAl,Hg stoichiometry
in addition to the MgAl/MgAlHs stoichiometry, shown in
Table 2. Since we were not interested in using this system as a
benchmark, we did not evaluate all the DFT functionals for this
composition. Our calculations show that the alloys interpolate
well between the pure materials, which can be understood from
the fact that the hydrides are ionic (observed already for LiH*
and responsible for the effectiveness of the PEGS method*?)
and the pure metallic clusters have metallic bonding. Therefore,
there are no bond networks to create nonlinear effects as a
function of size. There are only magic numbers in the binding
energy of the metals for small sizes, but this effect diminishes
with increasing size and does not change the overall trend.

For the most part, the alloys are stabilized by nanoscale
effects (Fig. 5). This effect has also been noted in other
calculations, for example in an Au-Pt¥ alloy and for several
II-V nanomaterials.*® We thus would not expect such an
alloy to spontaneously segregate, although it is possible that
some other composition would be more stable. It seems likely
that a hypothetically more stable composition would also have
a AE (and thus AH®) somewhere between the two non-alloyed
states, because of the additive behavior mentioned above. We
can thus envision a tunable hydrogen storage system that uses
alloys of Mg and Al. Either the alloy composition or particle
size can be tuned to optimize the ease of making and storing
the nanoparticles, while the other variable can be tuned to
obtain the correct desorption energy. Kinetics at the nanoscale
will likely be much improved over the bulk systems.'®!?

Conclusion

To summarize, we have performed high accuracy calculations
of the hydrogen desorption energies (AE) of small metallic
nanoclusters using diffusion quantum Monte Carlo (DMC)
techniques and minimum energy structures. We find a strong
size dependence in the scaling of AE as the nanoparticle size
becomes close to 1 nm. Comparing the results to density
functional theory (DFT), the error in AE is approximately
+20 kJ mol~! H,, while the target range is 20-50 kJ mol~! H,.
This error is large enough to incorrectly predict the ideal size
of nanoparticle that hits the target AE for on-board storage
applications, and Wulff models based on bulk surface energies
also differ substantially from the DMC results. We thus
suggest that future calculations use DMC energetics to correct
the DFT ones; the computational cost is not prohibitive, about
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Fig. 5 Stability of the alloy hydride and metallic clusters to decomposition
into single-element particles. Only the fits to 1/n*> are shown here.

the same as the relaxation of the atomic coordinates in DFT.
Our results show that alloys of Mg and Al are stabilized at the
nanoscale and that AE can be tuned to intermediate regimes
between the strongly bound MgH, and weakly bound AlHj;.
Alloying metal hydrides at the nanoscale is thus a promising
method for controlling the hydrogen desorption thermodynamics
of these materials, and could potentially form the basis of a new
hydrogen storage system.
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