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ne of the most difficult remain-

ing technological challenges for

hydrogen fuel cells is the storage
of hydrogen. Hydrogen storage in solid-
state materials has been widely investi-
gated, but it has proven difficult to find a
material that stores and releases hydrogen
in the rather narrow target temperature
range (—40 to 85 °C)' for automotive fuel
cells. Materials that thermodynamically re-
lease hydrogen in this temperature range
often suffer kinetic limitations that necessi-
tate higher temperatures. One such ma-
terial, sodium alanate (NaAlH,), reversibly
stores 5.6% hydrogen by weight in a two-
step reaction:

NaAlH, < (1/3)NajAlH + (2/3)Al + H,
(1

Na,AlH, <> 3NaH + Al + (3/2)H,
)

At 1 atm, the equilibrium temperatures
for reactions 1 and 2 are estimated to be
29 and 109 °C, respectively, but reaction
rates at these temperatures are very low.
With the addition of catalysts, sufficiently
high reaction rates can be achieved at tem-
peratures between 100 and 200 °C but not
below 85 °C37° Recently, it has been re-
ported that 2—10 nm nanoparticles of so-
dium alanate release hydrogen at tempera-
tures near 70 °C with a significantly lower
activation barrier than bulk materials.5 Sub-
sequent studies have reported similar re-
sults, including the observation that for so-
dium alanate nanoparticles in
nanoconfined carbon the two-step decom-
position pathway disappears.”® These stud-
ies indicate that the use of nanoscale mate-
rials might have significant kinetic benefits
for hydrogen storage materials, but the rea-
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ABSTRACT Density functional theory and the cluster expansion method are used to model 2—10 nm sodium

alanate (NaAlH,) nanoparticles and related decomposition products Na;AlH,, NaH, and Al. While bulk sodium

alanate releases hydrogen in a two-step process, our calculations predict that below a certain size sodium alanate

nanoparticles decompose in a single step directly to NaH, Al, and H, due to the effect of particle size on

decomposition thermodynamics. This may explain why sodium alanate nanoparticles, unlike bulk sodium alanate,

have been observed to release hydrogen in the operating temperature range of proton exchange membrane fuel

cells. In addition, we identify low-energy surfaces that may be important for the dynamics of hydrogen storage and

release from sodium alanate nanoparticles.
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sons for the improved rate of hydrogen re-
lease are unknown.

To better understand hydrogen release
from sodium alanate nanoparticles, we
have used density functional theory® (DFT)
calculations along with the cluster expan-
sion method'0~' to predict the shape and
energy of NaAlH,, NasAlHs, NaH, and Al
nanoparticles. Our calculations indicate
that a one-step reaction is thermodynami-
cally favored for the decomposition of small
sodium alanate nanoparticles:

(NaAlH,), < (NaH), + (Al), + (3n/2)H,
3)

where n is the number of formula units in
a nanoparticle. This result, consistent with
what is observed experimentally, is prima-
rily a size effect that may be aided by inter-
action with a supporting material. It is
known that nanoparticles may react at dif-
ferent rates than bulk materials due to the
short distances over which mass is trans-
ported. However our calculations suggest
that for sodium alanate the dramatic im-
provement in reaction kinetics may be due
to the fact that an entirely different reaction
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pathway becomes thermodynamically favorable as a
function of nanoparticle size.

COMPUTATIONAL APPROACH

Determining the energy of 2—10 nm nanoparticles
is computationally challenging. Density functional
theory can provide an accurate measure of relative en-
ergies between similar systems,’>'% but it is prohibi-
tively expensive to run density functional theory calcu-
lations on nanoparticles more than a few nanometers in
diameter. A common approach for estimating particle
energies and shapes is the Wulff construction,'” in
which surface energies are calculated for low-energy
bulk surfaces, and these energies are used to predict a
universal particle shape that is independent of particle
size. This method has been used previously for hydride
nanoparticles.’®'® The particle shapes predicted by the
Waulff construction will only contain facets for which
bulk surface energies are available, whether by experi-
ment or calculation. In addition, the Wulff construction,
based on macroscopic surface energies, may not be a
valid approximation for facets that are few atoms wide,
and particle shape may not be independent of size for
particles that are only a few nanometers in diameter.2%'
This is especially likely if the periodicity of the surface
is longer than the facet is wide.

We have employed the cluster expansion method
as an alternative to the Wulff construction. The cluster
expansion is a lattice model Hamiltonian that has been
widely used to study atomic ordering in bulk
materials?>~3° and to determine equilibrium crystal
shapes for FCC metals.>' Whereas the Wulff construc-
tion applies a macroscopic energy model to small par-
ticles, we train a cluster expansion Hamiltonian on small
particles and use it to predict the energies of particles
of any shape and size. Simulated annealing is then used
to find the ground-state shape. As in the Wulff construc-
tion, we assume that the structure of the nanoparticle
resembles the bulk structure truncated at the surface.
The particle may then be thought to sit on a fixed lat-
tice of occupied and unoccupied sites, with the unoccu-
pied sites corresponding to vacuum and the occupied
sites corresponding to the particle (Figure 1). We (and
others) have observed that there is a very high energy
penalty for breaking Al—H bonds,'® so we constrain the
system to ensure that AlH, complexes remain intact.
We assign a “spin variable” value of +1 for occupied
sites and —1 for unoccupied sites. The energy of the
particle may then be expanded as linear combination
“cluster functions”, each of which represents the prod-
uct of the spin variables in a cluster of sites:

EGS) = 2 (Vcluster H Si) (4)

clusters ie cluster

where § is the set of all spin variables, completely de-
scribing the shape of the particle, and Vser are un-
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Figure 1. Schematic representation of a cluster expansion
for a NaAlH, nanoparticle. Yellow sites are occupied by Na,
blue sites are occupied by AlH,, and white sites are occupied
by vacuum. The spin variables of the Na- and AlH,;-occupied
sites have values of +1, and the variables for the unoccu-
pied sites have values of —1. Three sample clusters are out-
lined in green, representing a cluster of a single site, a
nearest-neighbor pair of sites, and a triplet of sites.

known expansion coefficients known as effective clus-
ter interactions (ECI). In practice, symmetry reduces the
number of distinct ECI, and all but a finite number of
ECl are close to zero. Taking these two insights into ac-
count, it is possible to truncate the expansion to a finite
number of unknown parameters with little loss of accu-
racy. The resulting cluster expansion rapidly calculates
the energy of a given particle as a sum of contributions
from small, localized clusters of sites.

The ECI were determined by fitting to a training set
of DFT-calculated energies for fully relaxed nanoparti-
cles with diameters between approximately 1 and 3 nm.
Because the cluster expansion was trained on relaxed
particles, it predicts the energies of relaxed particles in-
cluding simple surface reconstructions. We did not con-
sider smaller particles in our training set because the
relative errors in density functional theory can be sig-
nificant for such systems.3? All calculations on NaAlH,,
NasAlHs, and NaH were performed on charge-balanced
systems, assuming the atoms had oxidation states of
Na'*, A", and H'". The quality of the cluster expan-
sions were evaluated using leave-one-out cross-
validation (LOOCV)," which provides an estimate of
the cluster expansion prediction error.'* We have used
a Bayesian fitting process, which allows for an arbitrarily
large number of clusters to be included for a given
training set size and has recently been shown to pro-
duce cluster expansions with low prediction error.'

It was not immediately clear whether aluminum
nanoparticles should be based on the bulk FCC lattice
or whether they would adopt an icosahedral shape in
an attempt to minimize surface energy. It is expected
that the smaller the nanoparticle, the more likely a low-
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Figure 2. Predicted ground-state shapes for (a) a 15 000 atom NaAlH, nanoparticle, (b) a 5000 atom NaH nanoparticle, (c) a
9000 atom NasAlHs nanoparticle, (d) a 2500 atom Al nanoparticle. Orange represents Na, blue represents Al or AlH,, and in
the NaH nanoparticle, pink represents H. The 15 000 atom NaAlH, nanoparticle has a maximum diameter of nearly 10 nm,
and the remaining nanoparticles are approximately the sizes of its decomposition products.

surface energy icosahedral shape is stable. Aluminum
nanoparticles with 55 atoms are particularly likely to
have an icosahedral structure because 55 atoms can
form a perfect icosahedron. However, density func-
tional theory calculations on 55 atom icosahedral and
FCC-based aluminum nanoparticles revealed that the
FCC-based nanoparticle was more stable by about 6.7
kJ/mol. Because it is unlikely for the icosahedral shape
to be relatively more stable for larger nanoparticles or
incomplete icosahedra, we modeled aluminum nano-
particles based on an FCC lattice.

RESULTS

Particle Shapes and Surface Energies. We developed clus-
ter expansions for NaAlH,;, NasAlHg, NaH, and Al nano-
particles, with LOOCV errors of 0.2, 0.6, 0.6, and 0.6 kJ/
mol atoms, respectively. Representative ground-state
particle shapes are shown in Figure 2. The predicted
NaAlH, particle shape is flattened along the c lattice pa-
rameter, and the NaH particle shape is cubic. These are
both similar to the shapes previously predicted using
Wulff constructions.'®' The predicted shapes of the
NasAlHg and Al particles are more isotropic.

The predicted nanoparticle shapes reveal low-
energy surfaces for each of these materials. For ex-
ample, the NaAlH, nanoparticle shapes predicted by

the cluster expansion have prominent {001} surfaces,
which are known to have low bulk surface energy.'®3
The (the Miller indices used in this article are based on
the conventional body-centered cubic lattice for NaAlH,
and the primitive monoclinic lattice for NazAlHg). The
{116} surface, which was not considered as a potential
low-energy surface in previous studies,'®*? is also
prominent on the predicted ground states for NaAlH,
nanoparticles (Figure 3). This low-angle surface may be
thought of as short step in the {001} surface (Figure 4)
and may be important for the reaction kinetics of
NaAlH,. We used density functional theory to calculate
the bulk surface energy for prominent NaAlH, surfaces
as well as surfaces previously reported in the literature
(Table 1) and found the {116} surface to have the
second-lowest known surface energy.

The more isotropic shape of the NasAlHq particles
suggests that a number of different NasAlHq surfaces
are close in surface energy. Supporting this observa-
tion, the DFT-calculated surface energies for different
bulk NasAlHg surfaces (Table 1) are close to each other.
The calculated NasAlHg surface energies are signifi-
cantly higher than the bulk surface energies for NaAlH,,
suggesting that these particles are less stable relative
to the bulk than the NaAlH, particles. Significant sur-
face relaxation was observed for some of the NasAlHg

Figure 3. Various surfaces mentioned in the text in the context of predicted nanoparticle shapes: (a) {102}, {104}, {112}, and
{116} surfaces of a 15 000 atom NaAlH, nanoparticle; (b,c) Tasker type 3 {001} and {110} surfaces, respectively, of a 9000 atom
NazAlHs nanoparticle. Orange spheres are sodium, blue spheres are aluminum, and in NaH, light pink spheres are hydrogen.
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Figure 4. Side views of the (a) {116}, (b) {102}, and (c) {104} surfaces of NaAlH,. Orange spheres are Na, and blue tetrahedra

are AlH,.

particles in the training set, in which some surface Na
atoms relaxed several angstroms from their initial posi-
tions (Figure 5). It is possible that more complex surface
reconstructions exist which have somewhat lower en-
ergy than these simple surface relaxations.

The difference between the DFT-calculated surface
energies and the cluster-expansion-predicted surface
energies are generally small, which is notable consider-
ing that the cluster expansion was trained on finite sys-
tems. The energy difference generally falls within the
variation of surface energies calculated using different
implementations of DFT.33 Unusually large differences
are observed for the {102} and {104} NaAlH, surface en-
ergies. These are neutral, long-period surfaces with a
pattern of two (AlH,)'~ anions followed by two Na'*
cations (Figure 4). The structure of the {102} surface re-
peats with a period of 1.5 nm, and the {104} surface re-
peats with a period of 2.3 nm, suggesting that the prop-
erties of these surfaces may be different in bulk than
in the small nanoparticles used to train the cluster ex-
pansion. Due to edge and vertex effects, it might be
more energetically favorable to form these surfaces in

TABLE 1. Calculated Bulk Surface Energies®

small particles than in bulk, in which case it should be
expected that these surfaces occupy a decreasing frac-
tion of the particle surface area as particle size increases.
In an infinite crystal, certain types of charged sur-
faces that yield a dipole moment perpendicular to the
surface have infinite surface energy per unit area. These
surfaces were labeled “type 3" by Tasker, in contrast to
“type 1" or “type 2" surfaces for which there is no per-
pendicular dipole moment.3* Type 3 surfaces may re-
duce their surface energies through reconstruction, but
the relaxed surface energies are often high for infinite
slabs. (For slab calculations, these surface energies may
be better described as “cleavage energies” because
the slab consists of two different surfaces with oppo-
site charge.) Thermodynamically, it is very unlikely for
such surfaces to exist in large crystallites unless there is
significant reconstruction. Certain terminations of the
{101} surface in NaAlH,, the {111} surface in NaH, and
the {110} and {001} surfaces in NasAlHs are type 3 sur-
faces. The latter two type 3 surfaces appear on ground-
state particle shapes predicted by the cluster expan-
sion (Figure 3). The appearance of these surfaces is due

material orientation termination DFT surface energy (J/m?) CE surface energy (J/m?) difference (J/m?)
NaAIH, {001} NaAlH, 0.118 0.110 0.008
{116} NaAlH, 0.152 0.164 —0.012
{1 NaAlH, 0.162 0.175 —0.012
{14} NaAlH, 0.167 0.200 —0.033
{101} Na 0.175 0.193 —0.018
{110} NaAlH, 0.215 0.237 —0.022
{101} AlH, 0.224 0.231 —0.007
{103} AlH, 0.242 0.197 0.044
{103} Na 0.245 0.197 0.048
{104} NaAlH, 0.268 0.198 0.070
{100} NaAlH, 0.322 0317 0.006
{102} NaAlH, 0.325 0.249 0.076
NasAlHg {100} NasAlHg 0.423 0.420 0.003
{nz NasAlHg 0.428 0.429 —0.001
{010} NasAlHg 0.433 0.435 —0.002
{001} Na 0.464 0.482 —0.017
{110} Na 0.465 0.466 —0.001
NaH {100} NaH 0.197 0.195 0.002
{110} NaH 0.477 0.530 —0.053
{ny H 0.667 0.650 0.017
{ny Na 0.686 0.739 —0.053

“These bulk surface energies were calculated for infinite slabs of prominent surfaces on the predicted nanoparticle shapes as well as surfaces reported elsewhere in the lit-
erature. Energies were calculated by density functional theory (DFT) and the cluster expansion (CE). The “termination” column indicates which ion was on the outermost face
of the slab. In situations in which multiple such terminations were possible, the lowest-energy termination is reported.
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to the fact that the cluster expansion was trained on
small particles and only considers local interactions
(within 1T nm). As a result, the cluster expansion signifi-
cantly under-predicts the cleavage energies of type 3
surfaces for infinite slabs (Table 2). However, this error
is unlikely to have a significant effect on the ground-
state shapes and energies of large nanoparticles be-
cause these shapes and energies will be generally de-
termined by the terminations with the lowest energy
for a given orientation. There is little error in the ener-
gies for the lowest-energy surface terminations (Table
2). When the cluster expansion predicts a type 3 surface
termination, it is likely that an actual particle will con-
tain a surface with the same orientation, similar energy,
and a type 1 or 2 surface termination.

Energetics. Nanoparticle decomposition is different
from bulk decomposition in that both the composition
and the size of the reaction products must be consid-
ered. A particle may decompose into smaller particles,
or its decomposition products may be added to exist-
ing particles. Decomposition into smaller particles will
generally require more energy due to the larger total
surface area of the reaction products. To evaluate
either pathway, it is necessary to know how the en-
ergy of the reaction products varies as a function of par-
ticle size. We used the cluster expansion to predict the
ground-state energies for NaAlH, nanoparticles with
maximum diameter between 2 and 10 nm, as well as
nanoparticles of possible decomposition products
NasAlHg, NaH, and Al. The predicted energies of the dif-
ferent nanoparticles as a function of particle size are
shown in Figure 6. The nanoparticle energies per for-
mula unit, relative to bulk, are described well by the
expression

B = 2

in

where n is the number of formula units in the particle,

and the value of A for NaAlH,, NasAlHe, NaH, and Al is
102.162, 279.294, 74.956, and 189.968 kJ/mol, respec-
tively. The fact that this expression fits the calculated

5)

Figure 5. (a) Initial and (b) relaxed atomic positions of a 2 nm
NasAlHs nanoparticle from the cluster expansion training set. Or-
ange spheres are Na, blue spheres are Al, and light pink spheres
are H.

energies well implies that the average surface energy
is nearly independent of particle size.

We consider three possible reaction paths for
NaAIH, decomposition. We first consider a two-step re-
action, similar to the bulk reaction, in which the alumi-
num released in the second step combines with the alu-
minum released in the first step to form a single
aluminum particle:

(NaAlH,), — (Na,AlHy), 5 + (Al),,s + nH,  (6)

(NajAlHy), + (Al),, — (NaH),, + (Al),, + (B3n/2)H,
7)

where n indicates the number of formula units per par-
ticle. We will refer to eqs 6 and 7 as reactions | and Il, re-
spectively. We will also consider a variation of reaction
Il'in which the aluminum released in the decomposition
of NasAlHs forms a separate nanoparticle:

(NajAlHy), — (NaH),, + (Al), + 3n/2H,  (8)

We will refer to eq 8 as reaction lla. Finally, we will con-
sider a one step reaction, which we label reaction ll:

(NaAlH,), — (NaH), + (AD), + Bn/2H,  (9)

The products of reaction Il are the same as the reac-
tion products of reaction | followed by reaction II.

Directly calculating these reaction energies can be
challenging. Zero-point energy can differ significantly
in different hydrogen-containing compounds,® and we

TABLE 2. Cleavage Energies for Type 3 Surface Terminations for Bulk Materials®

material orientation termination DFT cleavage energy (J/m?) CE cleavage energy (J/m?) difference (J/m?)
NaAlH, {103} type 3 0.645 0.199 0.445
lowest energy 0.242 0.197 0.044
{101} type 3 1.098 0325 0.773
lowest energy 0.175 0.193 —0.018
NasAlHg {110} type 3 0.862 0.478 0.384
lowest energy 0.465 0.466 —0.001
{001} type 3 0.986 0.481 0.505
lowest energy 0.464 0.481 —0.017
NaH mn type 3 1.572 1.106 0.466
lowest energy 0.667 0.650 0.017

“Energies were calculated by density functional theory (DFT) and the cluster expansion (CE). “Type 3” terminations refer to those described by Tasker, and “lowest energy”

refers to the lowest-energy surface termination with the given orientation.
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Figure 6. Calculated formation energies (squares) relative to bulk for (a) NaAlH,, (b) Na3AlHs, (c) Al, and (d) NaH. The solid
lines represent the formation energies fit to eq 5. The x-axis is the number of formula units in the particle, and the y-axis is

the energy relative to the bulk in kJ/mol formula unit.

make no attempt to include zero-point energies in our
cluster expansion training sets because it would entail
significant computational expense. For similar reasons,
we have not modeled the contribution of entropy at fi-
nite temperatures. In addition, there are likely to be sig-
nificant errors in DFT when comparing molecular hy-
drogen and metallic aluminum to hydrogen and
aluminum in ionic compounds, due to the differing
chemical environments. To minimize these problems,
we calculate the energy of the above reactions relative
to the bulk reactions and then add the calculated differ-
ence to bulk reaction free energies estimated from ex-
perimental data, using parameters given in ref 2.
Through this approach, we make the calculated en-
ergy of molecular hydrogen irrelevant and aim to maxi-
mize the cancellation of errors for the remaining com-
pounds. The resulting Gibbs free energies for reactions
I, 11, lla, and Il as a function of particle size n and temper-
ature T are given in egs 10, 11, 12, and 13 respectively.

AG((n, T) = 33.8201 — 0.05654177T —

000960147 In T + 218198 4
n
AG,(n,T) = 614778 + 0.0015413T —
00273086TIn T — 226384 (4
n
AGyy(n,T) = 61.4778 + 0.0015413T —
00273086TIn T — 22222 (1)
n
AGy(n,T) = 543127 — 0.0560280T —
0.0187043TIn T + 16?/& (13)
n

where all values are in kJ/mol formula unit. The first
three terms on the right side of each expression are
from the empirical free energy curves,? and the final
term is the particle size correction given by eq 5. All of

\\K) VOL. 4 = NO.10 = MUELLER AND CEDER

these expressions assume a hydrogen partial pressure
of 1 bar.

To compare the calculated results to experimental
results, it is necessary to define the relationship be-
tween the number of formula units in a NaAlH,; nano-
particle and the experimentally determined nanoparti-
cle size. Here we use the definition that the nanoparticle
width d is the cube root of the experimentally deter-
mined bulk volume of n formula units:3

d = 0.0716958n (14)

where d is given in nanometers.

Figure 7 shows which reactions are favored as a
function of particle size and temperature. As nanoparti-
cles are heated, decomposition will occur via either re-
action | or reaction lll, depending entirely on the nano-
particle size. Reaction | becomes increasingly
unfavorable relative to reaction Il as nanoparticle size
decreases, due to the high surface energy of the
NasAlHs nanoparticles. We predict that reaction | only
occurs for NaAlH, nanoparticles above about 52 nm in
diameter. Reaction lll is predicted to occur at tempera-
tures as low as approximately 65 °C for nanoparticles 52
nm in diameter. This temperature is comparable to the
experimentally observed peak hydrogen desorption
temperature for 2—10 nm nanoparticles.® Because of
the high energy of the decomposition products of
2—10 nm nanoparticles, we predict these particles
may start to release hydrogen at 94 °C.

Full decomposition via reactions | and Il occurs at a
lower temperature than full decomposition via reac-
tions | and lla due to differing reaction products. The
products of reactions | and Il are the same as for reac-
tion Il

(NaH), + (Al), + 3n/2)H, (15)
and the products of reactions | and lla are
(NaH), + (Al),,; + (Al),,; + (3n/2)H, (16)

www.acsnano.org
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Figure 7. Phase diagrams and reaction maps for sodium alanate nanoparticles as a function of the size of NaAlH, nanopar-

ticles and temperature. Diagrams (a) and (b) are as calculated, and (c) and (d) are with the formation energy of the NaH and
Al decomposition products relative to the bulk reduced by 75%. (a,c) Phase diagrams. In region A, the NaAlH, particle has

the lowest free energy. In region B, the products of the NaAlH, particle decomposing via reaction | have the lowest free en-
ergy. In region C, the products of decomposition via reaction lll, or equivalently reaction | followed by reaction I, have the
lowest free energy. (b,d) Reaction maps indicating the thermodynamically favored decomposition reactions as the sodium
alanate nanoparticle is heated, under the assumption that the two-step reaction creates two separate aluminum nanoparti-

cles.

Because a single aluminum nanoparticle is created by
reactions | and Il and two are created by reactions | and
lla, the former two-step reaction occurs at a lower tem-
perature than the latter. If aluminum released in the
second step is not deposited on an existing particle,
once the original NaAlH, particle has decomposed via
reaction |, it is unable to generate the reaction products
in eq 15 even though they have lower free energy.
Our calculations provide a possible explanation for
the enhanced kinetics of hydrogen desorption from
small particles. Below a certain particle size, a one-step
reaction becomes favorable at relatively low tempera-
tures due to the effect of nanoparticle size on the ther-
modynamics of decomposition. Although we have not
studied the kinetics of this one-step reaction, it is pos-
sible that the activation barrier along the one-step reac-
tion path is lower than the activation barrier along the
two-step path, enhancing the rate of both the forward
and reverse reactions. It is difficult to specify the exact
temperatures and particle sizes at which the one-step
reaction becomes favored, but the fact that the forma-
tion of NasAlHs nanoparticles becomes increasingly un-
favorable as particle size decreases is supported both
by the cluster expansion and by the bulk surface energy
calculations. The one-step decomposition reaction is

www.acsnano.org

further supported by the fact that NasAlHs was not re-
ported to be a decomposition product of small NaAlH,
nanoparticles. Despite the approximations made in our
calculations, the decomposition path predicted by our
calculations corresponds well with the experimental
observations.® 8

There may be significant surface reconstructions
that are not captured by our model, particularly on the
high-energy surfaces of NazAlHs nanoparticles. Because
the cluster expansion is trained on relaxed particles, it
predicts the energies of particles with simple surface re-
construction (Figure 5). However, lower-energy surface
reconstructions that are not simple relaxations may ex-
ist, and such reconstructions would make the nanopar-
ticles more stable than our model predicts. If such re-
constructions increase the stability of NazAlHg particles
relative to NaH and Al particles, the particle size at
which the one-step reaction becomes favored would
be reduced.

The conditions in our calculations differ slightly
from experimental observations. We assume unsup-
ported nanoparticles, whereas the experiments were
conducted on particles supported by carbon. Although
our calculations suggest that single-step decomposi-
tion for small particles is primarily a thermodynamic size
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effect, the support may contribute, especially if it low-
ers the relative energy of NaH and Al nanoparticles. It is
also possible that NaAlH, does not decompose to
smaller particles as we assume. For example, the alumi-
num produced from NaAlH, decomposition might be
deposited on a large aluminum crystallite, as was ob-
served by Gao et al.” These pathways could significantly
decrease the formation energy for the Al or NaH de-
composition products, in which case the temperature
at which hydrogen is released via the one-step reaction
could actually decrease with particle size (Figure 7¢,d).

CONCLUSION

We have used the cluster expansion approach to
model small nanoparticles of NaAlH, and possible de-
composition products. This approach, trained on small
particles, has the advantages that it predicts the ener-
gies of small particles well and requires no a priori
knowledge of low-energy surfaces. The ground-state
particle shapes predicted by the cluster expansions
contain a variety of facets including surfaces that had
not been previously studied.

By combining our calculations with previously re-
ported experimental data, we were able to develop
expressions for the energies of nanoparticles as a
function of particle size and temperature. These ex-
pressions predict that, for small nanoparticles, the
bulk two-step reaction for the decomposition of
NaAlH, is replaced by a single-step reaction due to
a thermodynamic size effect. This result is consistent

METHODS

Density functional theory calculations were performed us-
ing the Vienna Ab Initio Simulation Package (VASP).3%4° The PBE
GGA exchange-correlation functional*' and projector-
augmented wave (PAW) method*? were used for all calcula-
tions. The standard input files for Al, H, and Na were used, with
plane-wave cutoff energies of 240, 250, and 102 eV, respectively.
VASP precision was set to high, increasing the plane-wave cut-
off energy by 30% for lattice relaxations. For insulators, a k-point
density of 500 k-points per reciprocal atom was used, and for
bulk aluminum, a 16 X 16 X 16 k-point mesh was used. Nano-
particles were calculated in large supercells with only the k-point
located at I and at least 13 A spacing between particles. For
large insulators such as NaAlH, nanoparticles, it is best to use
Gaussian smearing, and for consistency, this smearing method
was used throughout with a width of 0.2 eV for aluminum and
0.05 eV for all other calculations.

Surface energies were calculated on slabs at least 18 A thick
with at least 13 A vacuum between slabs. For slab calculations,
lattice parameters were frozen to the relaxed bulk parameters
and all ions were perturbed slightly from their bulk positions to
break symmetry and then allowed to relax. Unless otherwise
noted, for surfaces in which multiple terminations are possible,
the lowest-energy termination that gives symmetric surfaces on
either side of the slab was used. For consistency, the same bulk
reference energy was used to calculate surface energies and
train the cluster expansion. It has been demonstrated that sur-
face energies converge rapidly when the bulk energy is calcu-
lated as the derivative of slab energy with respect to slab thick-
ness.>® This approach was tested for NaAlH, energies and was
found to slightly change the calculated surface energies (by
about 0.03 J/m?) but did not change the order of energies. Bulk

with experimental observations, and it may help ex-
plain why the decomposition of small nanoparticles
is faster than bulk decomposition. The conditions
under which the one-step reaction is expected to
proceed spontaneously are likely to be influenced
by the nanoparticle support and the degree of re-
combination among decomposition products.

The cluster expansion produces a measure of the av-
erage surface energy for the entire nanoparticle, en-
abling researchers to identify how the relative stability
of different compounds evolves as a function of particle
size. Although we have applied this approach to the so-
dium alanate system, it should be widely applicable to
the study of the energetics of other small particles. For
example, researchers have discovered that relative
phase stability is a function of particle size for titania®
and iron oxide.®® Using the approach in this paper, it
should be possible to calculate size-dependent phase
diagrams similar to the ones in Figure 7 for these
materials.

It has long been known that reaction kinetics
can be influenced by particle size, but this is gener-
ally explained in the context of reducing the dis-
tances required for mass transport. Our calculations
demonstrate that reaction kinetics may also be
changed by modifying the thermodynamically fa-
vored reaction pathway. This behavior might be
seen in other systems in which the particles gener-
ated in intermediate steps are expected to have high
surface energy.

energies for NaAlH, and NasAlHs were converged so that all
forces were less than 1 meV/A. For all other calculations, the de-
fault convergence setting (less than 1 meV difference in total en-
ergy between successive ionic steps) was used.

The cluster expansions were trained using Bayesian priors.
In all cluster expansions, vacuum was included in the training
set, and in all cluster expansions except the icosahedral alumi-
num expansion, the bulk energy was included in the training set.
Linear interpolation between the bulk and vacuum energies
was used as the mean for the prior distribution. The widths of
the prior distributions were generated using parametrized gen-
erating functions, and the parameters of these functions were
chosen to minimize the LOOCV error as determined by a conju-
gate gradient algorithm. It was found that a much better set of
generating parameters could be found if both bulk and vacuum
were included twice in the training set. This decision had two ef-
fects: the LOOCV error becomes essentially an estimate of predic-
tion error for nanoparticles (and not the bulk or surface), and the
bulk and vacuum training entries were given double weight in
the final fit.

For all cluster expansions, the following generating function
was used for the Bayesian prior:

0, ifn,=0
A = Yor if n, =1
y,e7ee™, if n, > 1

where vy; are positive generating parameters determined by

minimizing the LOOCYV error, n, is the number of sites in cluster
«, and r,, is the maximum distance between two sites in cluster a.
The parameter \, is defined in detail in ref 14, and it was found
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that this generating function yielded slightly better results than
the functions tested in that paper.

Simulated annealing was used to find ground-state shapes.

For each system studied, Monte Carlo simulations were run at a
temperature high enough to completely disorder the system.
The temperature was lowered in steps by a factor of 10°92, At
each step, the number of Monte Carlo attempts was at least 100
times the number of sites in the total supercell. The annealing
was stopped when no fluctuation in energy was observed over
two successive steps.
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