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ABSTRACT: Solid-state metal hydrides are prime candidates to replace compressed 
hydrogen for fuel cell vehicles due to their high volumetric capacities. Sodium 
aluminum hydride has long been studied as an archetype for higher-capacity metal 
hydrides, with improved reversibility demonstrated through the addition of titanium 
catalysts; however, atomistic mechanisms for surface processes, including hydrogen 
desorption, are still uncertain. Here, operando and ex situ measurements from a suite 
of diagnostic tools probing multiple length scales are combined with ab initio 
simulations to provide a detailed and unbiased view of the evolution of the surface 
chemistry during hydrogen release. In contrast to some previously proposed 
mechanisms, the titanium dopant does not directly facilitate desorption at the surface. 
Instead, oxidized surface species, even on well-protected NaAlH4 samples, evolve 
during dehydrogenation to form surface hydroxides with differing levels of hydrogen 
saturation. Additionally, the presence of these oxidized species leads to considerably
lower computed barriers for H2 formation compared to pristine hydride surfaces, suggesting that oxygen may actively participate 
in hydrogen release, rather than merely inhibiting diffusion as is commonly presumed. These results demonstrate how close 
experiment−theory feedback can elucidate mechanistic understanding of complex metal hydride chemistry and potentially 
impactful roles of unavoidable surface impurities.

■ INTRODUCTION

Hydrogen-powered fuel cell vehicles are now a commercial
reality, with a small number of automobiles being sold by
original equipment manufacturers. Clean hydrogen-based
energy technologies, such as vehicular fuel cells, typically
require efficient storage of hydrogen. Current commercial
hydrogen storage approaches employ high-pressure (35−70
MPa) gas or cryogenic (20 K) liquid hydrogen. However, these
systems have limited volumetric energy densities, especially
when the tanks and other components essential to maintaining
the pressures or temperatures are considered. Solid metal
hydrides, particularly complex metal hydrides, are of interest
due to their high volumetric H content (>150 kg H2 m−3)
compared to compressed gas (∼24 kg H2 m−3 system) or
cryogenic liquid storage (∼70 kg H2 m−3, not including the
system). Only solid hydride systems are capable of meeting the
ultimate U.S. Department of Energy (DOE) volumetric energy
density target (50 kg H2 m

−3 system).1

The primary issues surrounding complex metal hydrides are
their sluggish kinetics and poor reversibility since many high-
capacity materials have high decomposition barriers or
undesired side reactions that lead to kinetically stable products
that no longer participate in the (de)hydrogenation processes.2

One method to improve cyclability is the addition of non-
noble transition metals or rare-earth elements to catalyze the
reactions. Titanium-containing species are the most widely
used and can enable reversibility at much lower temperatures
and pressures than the pure hydride, even at concentrations as
low as 0.5 mol %.3−8 This empirical doping technique,
pioneered by Bogdanovic ́ and co-workers in 1997 on the
complex metal hydride archetype sodium aluminum hydride
(NaAlH4),

9 was found to lower the dehydrogenation onset



temperature compared with undoped NaAlH4 (150 vs 265 °C)
to enable reversibility.
Although NaAlH4, which can reversibly store only 5.5 wt %

hydrogen, lacks sufficient capacity to meet DOE targets, this
catalyzed system nevertheless remains a model system for
understanding and improving more promising complex metal
hydrides, such as Mg(BH4)2 (14.9 wt %). In the intervening
twenty years since Bogdanovic’́s pioneering work, many
studies, both experimental and theoretical, have been
published concerning the detailed mechanism of dehydrogen-
ation and the role of titanium in Ti-doped NaAlH4 in
improving the kinetics of the reactions (eqs 1 and 2).

3NaAlH Na AlH 2Al 3H4 3 6 2→ + + (1)

Na AlH 3NaH Al
3
2

H3 6 2→ + +
(2)

Multiple interpretations have been posited describing possibly
relevant Ti-containing surface and bulk phases that are
generated in the cycling process.10,11 Proposed mechanisms
for H2 evolution catalysis include Ti substitution into the
lattice (on Na, Al, or both cation sites),12,13 formation of Ti−
Al alloys,7,14−17 and localization of metallic Ti on the
surface.5,18,19 However, experiments performed under a wide
range of conditions lead to conflicting conclusions, which have
been detailed and critiqued in depth in the review by
Frankcombe.10 Consequently, the precise mechanism by
which this archetypical catalyst enables reversible H2 release
remains unresolved.
The mechanistic controversy over the role of Ti in NaAlH4

underscores a deeper knowledge gap concerning the surface
processes that govern the exchange of hydrogen gas with solid
complex metal hydrides. A better understanding of these
processes would be extremely valuable for devising strategies to
improve the kinetics further, not just for NaAlH4 but also for
other, more promising hydrides, both doped and undoped.
Unfortunately, the limited number of reports concerning the
surface chemistry of hydrides emphasizes how challenging it is
to characterize the operando, out-of-equilibrium gas−solid
interface with chemically sensitive spectroscopies and micros-
copies. The hydrogenation process is particularly difficult as it
often occurs at substantial overpressures, effectively limiting
operando chemical characterization to dehydrogenation, where
elevated pressures can be avoided.
As a general rule, investigations of surface processes have

often neglected the potential role of surface contaminants
present beyond those introduced intentionally as a result of
titanium or other doping. This omission is to the detriment of
a holistic understanding of the system and tends to bias
interpretations of the surface chemistry. Indeed, oxygen
contamination is an omnipresent concern with these highly
reactive metal hydrides. It is very difficult to shield a hydride
completely (≪0.01 ppm O2 or H2O) from oxidants
throughout the entirety of its synthesis, processing, and
cycling, leading to the presence of oxidized species at the
surface, even though the bulk of the material may be
maintained in apparently pristine condition. Recrystallization
of NaAlH4 from tetrahydrofuran has usually been employed
experimentally to remove bulk impurities,20−22 as shown by a
variety of techniques, such as X-ray absorption spectroscopy
(XAS),20,23,24 X-ray diffraction (XRD),15,17,25 and NMR.26,27

However, the composition of the first few nanometers of the
surface can differ substantially from the interior due to

interactions with trace oxygen in gloveboxes and Schlenk lines,
regardless of cleanliness. Describing the role of these
incidentally oxygenated surfaces operando (during dehydro-
genation) and offering an unbiased interpretation of the
accompanying surface chemistry are essential to gain a
complete perspective of potential kinetic limitations in the
overall material.
The possible roles of surface oxide in hydrogen release

mechanisms are numerous. A fully oxidized surface could be an
inert observer, or it may present a passivating or blocking layer
that prevents hydrogen flux in addition to detracting from the
overall storage capacity.28 However, fast hydrogen transport on
some oxide surfaces has been demonstrated over short
distances, suggesting that this behavior is not universal.29

Surface oxides could also play a more direct role in the surface
reactions themselves. This possibility was suggested by
Delmelle et al.,30 who studied the role of oxide surface
contamination in the dehydrogenation of Ti-doped NaAlH4
using in situ X-ray photoelectron spectroscopy (XPS). Based
on the evolution of Ti, Al, and O XPS spectra, and using
reference XPS binding energies to identify features correspond-
ing to NaAlH4, Al2O3, and metallic Al, they suggested that
oxygen shuttles reversibly between titanium and aluminum
oxides. Within their interpretation, the enhanced dehydrogen-
ation kinetics of Ti-doped NaAlH4 are due to the higher
hydrogen mobility in titanium oxides than aluminum oxides.
To address these issues and gain a much more complete

understanding of the role of surface oxides and titanium on
NaAlH4 desorption, we employed a comprehensive suite of
operando and ex situ characterization methods, together with
ab initio surface simulations to probe the evolution of surface
and subsurface chemical species of previously cycled TiCl3-
doped NaAlH4. On the experimental side, we combined three
operando surface science techniquesambient-pressure X-ray
photoelectron spectroscopy (AP-XPS) and Auger electron
spectroscopy (AES) for the surface and immediate subsurface
(2−3 nm) and low-energy ion scattering (LEIS) for the
topmost monolayerwith ex situ scanning transmission X-ray
microscopy (STXM) of the bulk. On the theory side, we
employ ab initio molecular dynamics (AIMD) and direct XPS
simulations based on density functional theory (DFT)
calculations to provide unbiased guidance for experimental
interpretation in this changing system. This integrated
experiment/theory approach allowed us to probe all relevant
length scales influencing the surface mechanism of H2 release,
resulting in a more complete interpretation of the evolution
and possible role of surface oxide in NaAlH4.
We find that residual amounts of oxide at the surface of Ti-

doped NaAlH4 evolve continuously during dehydrogenation,
transitioning among different degrees of protonation as the
subsurface reaction initiates. This suggests that the oxide may
play a critical role in facilitating H2 formation through a
hydroxide-mediated reaction, controlling the surface rate for
H2 evolution and likely also the overall dehydrogenation rate.
We also find that, although titanium unquestionably improves
the kinetics of H2 release from NaAlH4, this element was not
detected by either AP-XPS or LEIS, demonstrating that it plays
no direct role in promoting surface reactions.

■ RESULTS AND DISCUSSION
Surface Composition Analysis. X-ray Photoelectron

Spectroscopy. A complete thermally driven dehydrogenation
of previously cycled 10 mol % TiCl3-doped NaAlH4 was



performed using synchrotron-based AP-XPS to monitor all
surface and subsurface (∼3 nm) chemical species operando.
The NaAlH4 used was previously cycled, rather than freshly
ball milled, in order to emulate more closely a realistic system
akin to one that would be present in a fuel cell vehicle after a
number of uses and to reach more of a steady state in its
behavior. The sample was protected from exposure to air and
moisture from the recrystallization to characterization in an
argon glovebox (PO2

, PH2O < 0.1 ppm) and using custom-made
ultrahigh vacuum-grade clean transfer cases. Concurrent with
the AP-XPS experiment, the gas within a few millimeters of the
complex metal hydride surface was sampled with a differ-
entially pumped cone, which led to a mass spectrometer. The
hydrogen desorption was thus monitored continuously as the
material was heated (Figure S1). Once heating began, the
initial H2 release was slow but increased drastically as the set
temperature was elevated above 150 °C and even more so at
200 °C. The amounts of other gases detected, including H2O,
O2, and N2, did not vary significantly over the course of the
experiment.
The atomic composition at the surface of the 10 mol %

TiCl3-doped NaAlH4 was determined from the XPS broad
survey spectra taken occasionally throughout the experiment at
the two photon energies (PEs) of 735 and 440 eV (Figure S2)
and calculated using the peak areas and the PE-dependent
atomic cross sections from Yeh and Lindau.31 As shown in
Figure 1, the surface composition (43.7% Na, 6.6% Al, 0% Ti,
14.6% Cl, 6.5% C, and 28.6% O) differed drastically from the
expected bulk composition of the material based on the doping
level (41.7% Na, 41.7% Al, 4.2% Ti, and 12.5% Cl since H is
not detectable by X-rays). At no point in the course of the in
situ heating experiment was titanium observed in the survey
spectra, at PEs of either 735 or 440 eV, even though an atomic
concentration of 4.2% should be readily detectable. Even the
detailed Ti 2p spectra, which should be able to detect
concentrations as low as 0.1%, showed no peaks until near the
end of the experiment after all the hydrogen had been
desorbed, when very small peaks were observed (Figure S3).
Similarly, a sample of the TiCl3-doped NaAlH4 that had been
cycled and desorbed ex situ at 200 °C was also measured in
indium foil, showing only small amounts of titanium (Figure
S4). The titanium, although not present at the surface of the
milled hydrogenated material before or during desorption, was
observed within the first few nanometers of the solid−gas
interface in the fully desorbed NaAlH4. STXM showed that the
titanium was in the metallic state, rather than the original Ti3+

state or a more oxidized Ti4+ state, throughout the bulk of both
hydrogenated and dehydrogenated particles (Figure S5).
Over the course of the heating experiment, the evolution of

the surface sodium environment expected from the chemical
reactions was insufficient to cause substantial changes in the
binding energy of the Na 1s (∼1071 eV) or 2s (∼64 eV)
peaks. Likewise, the Cl 2p peaks (∼198 eV), originally from
the TiCl3 dopant, had no significant shifts, indicating that they
were unchanged during the course of desorption and likely
were separate from the hydride and present only as inert NaCl,
which was observed via XRD (Figure S6, Table S1).
Despite the samples being meticulously protected from

exposure to air, large amounts of surface oxygen were found, as
well as adventitious carbon, the latter of which was used at
each time point as an internal reference to calibrate the peak
energies.

Low-Energy Ion Scattering and Auger Electron Spectros-
copy. Both LEIS and AES measurements independently
corroborated the surface elements found by the AP-XPS
experiment. AES revealed the presence of Na and Cl at the
surface, as well as chemisorbed C and O impurities. This
analysis did not reveal evidence of Ti. Similarly, comprehensive
LEIS analysis over a wide range of experimental geometries did
not reveal any evidence of Ti at the surface (Figure 2a). The
primary motivation for using LEIS is that it is able to detect
hydrogen at the surface, using direct recoil spectrometry on H
atoms (Figure 2b), unlike all X-ray techniques, which can only
infer the presence of hydrogen on the surface through changes
in elements to which it is bound. Following the initial surface
characterization, we heated the sample over a 45 min linear
ramp from 25 °C up to 250 °C. During this time, we
monitored the intensities of the scattering and recoil peaks
associated with H, Na, Al, and the Pb substrate, the fourth due

Figure 1. Atomic ratios obtained from XPS survey spectra at (a) PE =
440 eV and (b) PE = 735 eV over time, with the leftmost side of each
bar indicating the ratios at that time. The indicated temperature
values at various points signify the beginning of a new heating period.
Note: O 1s (binding energy ∼530 eV) is not detectable with PE =
440 eV.

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b17650/suppl_file/am8b17650_si_001.pdf
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to gaps in the sample. Since the intensity of the recoiled H flux
was small compared with the neighboring Na and Al signals,
we monitored channels on either side of the H for background
subtraction. Much of the noise in Figure 2b is due to this
correction.
At temperatures above about 50 °C, H increasingly

segregated to the surface and partially blocked the other
elements from the ion beam. The signal slowly decreased
toward the initial baseline as the hydrogen left the surface and
desorbed as H2 at higher temperatures. As with the AP-XPS
measurements, sodium was initially found in slightly greater
abundance than aluminum, and its signal further increased as
the temperature rose, almost completely obscuring that of
aluminum at 250 °C.
Identification of Surface Chemical Species. The Al 2p

and O 1s regions of the AP-XPS spectra were found to be quite
dynamic, suggesting that the surface chemistry associated with
these elements is evolving during dehydrogenation. With the
proper assignments of spectral features to surface motifs, our
operando AP-XPS measurements allow for direct tracking of
the evolution of chemical species at and near the surface during
dehydrogenation.
Typical AP-XPS Al 2p and O 1s spectra at different points

during the NaAlH4 dehydrogenation reaction are shown in
Figures 3 and 4, respectively. These highlight the difficulty of
deconvoluting the spectral features, which can appear as
distinct peaks or overlapping contributions. Unambiguous
assignments are particularly challenging when multiple possible
product species may be formed, especially given the spin−orbit
coupling present in the Al 2p spectra. This is especially true for
surface and near-surface chemistries that may not resemble
bulk crystalline standards, such as those present and evolving
in the operando AP-XPS experiment.
Aluminum. Past XPS studies on Al-containing compounds

have reported ranges of Al 2p binding energies for Al metal
(72.5−72.9 eV)32−34 and Al2O3 (73.6−75.0 eV).32,35−37

Different crystallographic arrangements of atoms on the
surface and new species created by surface contamination
also challenge the absolute peak assignment. For instance, the
binding energy of AlOOH is reported as 73.9 eV in ref 48,
whereas in ref 52 the intermediate surface Al−OHx species is
reported to have a peak at 74.4 eV, near the Al2O3 peak at 74.8
eV. Although the separation between metallic and oxidized

aluminum is generally reported to be over 1 eV, the
distinctions among the aluminum oxides and hydroxides are
much smaller.
Al 2p peak assignments for NaAlH4 and other aluminum

hydrides have also varied. Values between 75.1 and 75.6 eV
have been reported;32,38 however, this range overlaps with
oxide and hydroxide assignments and may in fact be
improperly assigned due to partial surface oxidation. An
interfacial Al−H species formed from the dissociation of water
on clean Al was reported to have a peak at 72.4 eV, actually
lower than the peak from the metal, rather than higher.34,39

Moreover, to our knowledge, the peak positions of
intermediate aluminum hydrides/hydroxides that can form
during dehydrogenation of NaAlH4, such as Na3AlH6, have not
been reported.
To aid in the interpretation of Al 2p and O 1s spectra in this

system undergoing potentially subtle chemical changes, we
directly simulated XPS binding energies for reaction candidates
using DFT.40 We begin with a discussion of the computed Al
2p binding energies for candidate compounds (see the
Experimental Section for details on the method). The
calculated chemical shifts relative to Al0 are shown as arrows
in the top row of Figure 3a and tabulated in Table S2. In
Figure 3a, we have aligned the computed and measured spectra
by assuming that the lowest-binding-energy peak in the
experiment corresponds to Na3AlH6, which is known to be
present in the sample from the XRD pattern (see below). Note
that the theory does not capture the doublet nature of the Al
2p peak since spin−orbit splitting was neglected.
The theoretical calculations show that the binding energy

generally progresses in the order Al metal < Na3AlH6 < AlH3 <
NaAlH4 < Al2O3 ≈ Al(OH)3. This follows the logic that the
more reduced Al species have lower XPS binding energies,
whereas the more oxidized species have higher binding
energies, with the hydride binding energies in between. This
general interpretation is confirmed by Bader charge decom-
position analysis,41,42 which assigns a charge of +2.5 to Al in
Al2O3 but only around +1.6 for NaAlH4 and Na3AlH6. The
relative ordering of NaAlH4 and Na3AlH6 can also be explained
since the Al−H bond is expected to be weaker in Na3AlH6.
At the same time, the calculations highlight the risk in

making a priori assumptions regarding peak assignments in
terms of the expected formal oxidation state. For instance, the

Figure 2. (a) Ion energy spectra of TiCl3-doped NaAlH4 at 60 °C (blue) and 250 °C (red). The horizontal scale is normalized to the incident
beam energy (E0). The theoretical locations of the Al, Na, and Pb scattering peaks, as well as several closely spaced recoil peaks, are indicated by the
vertical lines. (b) Background-subtracted direct recoil spectrometry of hydrogen on the surface during desorption.

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b17650/suppl_file/am8b17650_si_001.pdf
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canonical interpretation of the two broad features around 71−
72 and 73−76 eV in Figure 3 would assign the lower peaks to
the Al0 oxidation state (Al metal) and the higher peaks to Al3+

species (Al hydrides and oxides). This interpretation was
assumed by Delmelle et al. and is widely reported in the
literature.30,38,43,44 However, Na3AlH6 conflicts with that
interpretation since its computed binding energy is close to
that of the Al metal. As a result, it should be difficult to
distinguish between these two species within the lower-
binding-energy feature.
Nevertheless, we can state with high confidence that the

higher-binding-energy feature is likely dominated by the

surface oxide and/or hydroxide, given both the abundance of
oxygen detected by the survey spectra and the computed peak
position. Additionally, we suggest that the lower-binding-
energy region (<72 eV) is dominated by Al−H bonds.
Although Al metal also falls within this range, it can be
excluded from consideration because there should be little
surface Al metal at the initial stages of dehydrogenation, and
any exposed Al will quickly oxidize in the presence of the
surface oxides and hydroxides. It is critical to note that the
theoretical calculations conclude that at these lower binding
energies, any Al−H signal must be derived from surface
Na3AlH6-like species rather than the intuitively assumed

Figure 3. Al 2p AP-XPS spectra at PE = 440 eV (a) before
desorption, (b) at maximum desorption, and (c) after desorption
(while still at elevated temperature). Black lines are the raw data and
colored lines are fitted contributions. The computed values for the
bulk materials are shown as labeled black arrows at top (1) Al2O3/
Al(OH)3; (2) NaAlH4; (3) AlH3; (4) Na3AlH6; (5) Al metal.
Computed binding energies for the AIMD-generated substoichio-
metric oxides fall within the orange range shown in (b).

Figure 4. O 1s AP-XPS spectra (a) before desorption, (b) at
maximum desorption, and (c) after desorption (while still at elevated
temperature), adjusted for charging. Computed reference binding
energies for the AIMD-derived substoichiometric oxide/hydroxide
configurations are shown at top in (a). The dotted vertical lines and
horizontal bars indicate the mean and extrema of the computed XPS
binding energies from each of the three different types of oxygen
coordination environments.



NaAlH4. The formation of Na3AlH6 can be explained by
considering the initial oxidation of AlH4

− on the surface, which
is likely to draw both hydrogen and aluminum from the
sample, leaving behind a hydride species that is depleted with
respect to these elements. In addition, the presence of Na3AlH6
in the cycled material may result from incomplete rehydroge-
nation, particularly at the surface. The formation of Na3AlH6 at
the surface may also help explain the LEIS and XPS survey
results, which show clear enrichment of Na relative to the
amount expected for pure NaAlH4, though some of that is
likely also from NaCl formed from the reaction with TiCl3.
Within this interpretation, we can conclude that Na3AlH6-like
species coexist with aluminum oxides and hydroxides in the
outermost surface layer.
Based on the computational chemical shifts in conjunction

with experimental literature values, the measured full Al 2p
spectrum of recrystallized NaAlH4 was first fitted by Al 2p
doublets with features corresponding to oxidized Al (oxide/
hydroxide) and Na3AlH6, separated by ∼2.5 eV (Figure S7a).
This same general assignment was then used in Figure 3 to
study the evolving surface, as discussed in detail in the next
section. Using Al K-edge total fluorescence yield X-ray
absorption spectroscopy, which probes the samples more
deeply than XPS, we confirmed that the oxide was limited to
the surface of recrystallized NaAlH4 by comparing it to a
calculated spectrum of the pure material,45 whereas the as-
received NaAlH4 had significant Al2O3 character (Figure S7b).
Oxygen. The composition of the surface oxide is highly

dependent on the processing and exposure conditions as the
hydride is milled, cycled, and transferred for analysis, regardless
of the nominal cleanliness of the systems. Therefore, the
changes, rather than initial conditions, of the oxide speciation
over the course of the experiment are of interest in determining
the surface behavior during hydrogen desorption. Although the
bulk reference simulations are useful in broadly identifying the
chemistry, the actual surface oxide will likely be substoichio-
metric and contain a richer variety of local bonding
configurations. Accordingly, in addition to the bulk reference
structures, we also generated oxidized surface configurations of
both NaAlH4 and Na3AlH6 from AIMD simulations. To do so,
we followed the procedure of Pham et al. by incorporating
oxygen into high-symmetry sites at the (001) surface in
different concentrations and then relaxing the systems with
DFT and running AIMD on the resulting systems to create
realistic structures (see Figure S8 and Experimental Meth-
ods).40

The AIMD simulations of the oxidized Na−Al−H systems
revealed O species with three distinct levels of proton/
hydrogen coordination, corresponding to Al−O−Al, Al−OH,
and Al−OH2 motifs (the third resembled strongly bound,
rather than weakly adsorbed, water). Of these three, the
strongest preference was found for hydroxide formation, with
AlHx groups at various stages of conversion to Al(OH)x
observed depending on the degree of O saturation. No Na−
O bonds were detected. Several representative configurations
were selected for computation of Al 2p and O 1s binding
energies. The range of Al 2p binding energies for these
AlHx(OH)y configurations is shown at the top of Figure 3b.
No distinct differences in the Al 2p energies were found among
the Al−O−Al, Al−OH, and Al−OH2 species. All three were
found to lie at slightly lower binding energies than the bulk
Al2O3 and Al(OH)3 reference values, overlapping with
NaAlH4. This result highlights the difficulty in distinguishing

among NaAlH4, bulk oxides/hydroxides, and substoichiomet-
ric oxides/hydroxides, which fall in an almost continuous
manifold.
Next, we discuss the computed O 1s XPS binding energies.

Here, we again rely on configurations generated from AIMD of
oxidized Na−Al−H since these are likely to be most
representative of the actual surface oxide chemistry. Unlike
the Al 2p binding energies, the O 1s values obtained from the
AIMD simulations cluster neatly into three pools correspond-
ing to the three distinct oxygen environments. The order of the
binding energies follows the degree of hydrogen coordination
according to Al−O−Al < Al−OH < Al−OH2. Ranges of
calculated binding energies for each of these three coordina-
tion environments are shown in Figure 4 and tabulated in
Table S3. The experimental spectra in Figure 4 were fitted with
three corresponding peaks, with the median simulated Al−O−
Al peak aligned to the lowest-energy experimental fit. Because
the O 1s spectrum produces fewer possibilities and more
consistency between configurations in the AIMD simulation
data, its interpretation is far less ambiguous.

Evolution of Surface Chemistry. Figures 3 and 4 show
component fits to the experimental data, which are compared
with the computed references to interpret how the surface
chemistry of the cycled Ti-doped NaAlH4 evolves during
desorption. We point out that some differences are observed
between the Al 2p AP-XPS signal in Figure 3 and the reference
recrystallized NaAlH4 sample in Figure S7. In particular,
relative to the recrystallized sample, the hydride contribution
in Figure 3 (green) on the surface is diminished and the
contribution from oxide/hydroxide (red, blue) dominates the
Al 2p AP-XPS signal. This difference in relative concentrations
likely results from the additional handling of the material
during ball milling and cycling, exposing it to a greater amount
of potential contaminants over a longer period of time, as well
as the lower photon energy (440 vs 1253.6 eV used for the
recrystallized NaAlH4), which is more surface sensitive. We
also observe a higher-energy doublet (red) in the spectra in
Figure 3 that does not match the theoretical references, nor is
it present in the lab-based experiments. The 2p features of
period 3 elements have been shown to shift due to
undercoordinated configurations,46 such as for silicon, in
which the 2p peaks for HSiO3/2 can be shifted over 1 eV higher
in binding energy than the stoichiometric oxide peak.47

However, configurations including similar mixed hydride/
oxide species such as AlHx(OH)y have been simulated, and the
binding energies for these species lie below that of Al2O3.
Another possible explanation is local differential charging or
another similar instrument effect, but other elements, including
oxygen, do not exhibit comparable amounts of charging, even
though shifts due to charging typically affect multiple peaks.
Nonetheless, this high-energy doublet likely arises from an
oxidic species given that, as the sample is heated, the shifting
diminishes until the peaks merge with the unshifted Al−Ox
features (blue). Species fractions derived from these fits are
extracted from peak areas and shown in Figure 5 to illustrate
the evolution of the surface chemistry during heating over
time. Figure 5a shows the evolution of the amounts of shifted
and unshifted Al−Ox and how, when they merge (after
desorption), the total Al−Ox area is maintained.
As desorption starts, NaAlH4 decomposes to produce

additional Na3AlH6 and Al metal, the latter of which will
spontaneously react with the neighboring O/OH species at the
surface to be partially oxidized and become substoichiometric
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oxides/hydroxides. As a result, we do not expect a significant
surface signal from Al metal, as already discussed. However, an
additional peak corresponding to these AlHx(OH)y species

does not appear until near maximum desorption (Figure 3b),
which occurs at conditions commensurate with Na3AlH6
decomposition. At this stage, an additional intermediate region
(orange curves, at ∼73 eV) is found by fitting the Al 2p AP-
XPS data, which is best assigned to the substoichiometric
hydroxides based on the comparison with theory. With both
experimental photon energies, each of these features was
readily detectable. The greater PE of 735 eV sampled slightly
deeper (∼0.5 nm) into the surface and showed a greater
proportion of more hydrogen-enriched aluminum (Figure S9),
indicating that the hydrogen-poor aluminum species, including
oxides and hydroxides, were primarily localized on the surface
and not uniformly dispersed throughout the bulk.
From the Al 2p AP-XPS data alone, it is challenging to

distinguish different surface oxide species. However, the O 1s
spectra (Figure 4) give an unambiguous interpretation, with
the deconvolution into three contributions closely matching
both the theoretical predictions corresponding to the three
distinct oxygen environments described above and previous
experimental results for metal oxide, metal hydroxide, and
strongly adsorbed hydroxide. Figure 4 presents the O 1s AP-
XPS spectra collected for a sample before desorption, at
maximum desorption, and in the final stages of desorption.
Before desorption, the spectrum is dominated by the
contributions from Al−O−Al and Al−OH, with only a small
amount of surface Al−OH2 species observed. Near the time of
maximum desorption, the amount of Al−O−Al decreases from
about 33% to about 5% of the oxygen content as the amounts
and proportions of the species with higher hydrogen
coordination increase, with the largest increase observed for
Al−OH2, which rises from only about 15% to near 50%. At
elevated temperatures, after the majority of H2 has already
been desorbed, the Al−OH2 signal decreases in favor of Al−
OH. At the end of the in situ experiment, as well as in the ex
situ desorbed sample, the oxygen was again mostly in the Al−
OH form, with 25−30% as Al−OH2 and 6−8% as Al−O. The
three components shift by small amounts (∼0.5 eV)
throughout the experiment, indicating that subtle changes in
the local configurations, in addition to the larger changes in the
coordination of hydrogen, are taking place. However, these
peak movements stay within the ranges predicted by the
simulated theory configurations (indicated by the horizontal
bars in Figure 4).
The data in Figure 4 indicate that the composition of the

surface oxide evolves continuously during dehydrogenation,
with initial hydrogen enrichment of the near-surface region
followed by depletion. Presumably, the decrease of hydrogen
content at the late stages of dehydrogenation is due to the
decreased flux of H atoms from the bulk. No significant
changes in O-containing gases in the mass spectra are seen
over the course of the experiment, indicating that the extant
oxygen remained on the sample and did not desorb as H2O or
O2 from the reduction of the Al3+ species.

Surface Kinetic Mechanism. Role of Titanium. The
absence of Ti at the surface (detectable at levels down to 0.1
atom %) invalidates many of the current mechanistic
explanations for surface hydrogen evolution in the dehydro-
genation of Ti-doped NaAlH4, particularly those involving the
formation of H2 on metallic surface particles.10 Several
previous XPS studies of Ti-doped NaAlH4 have observed the
presence of surface titanium and attributed mechanistic roles
to it; however, the detected concentration decreased
substantially as the ball-milling time increased, and unin-

Figure 5. Relative amounts of each phase of (a, b) aluminum and (c)
oxygen present at the surface obtained from detailed regional spectra
at (a) PE = 440 eV and (b, c) PE = 735 eV.
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corporated TiCl3 was detected in the briefly milled
samples.30,38 León et al. have shown that longer milling
times improve the reaction kinetics,48 indicating that the
greater integration of Ti into the hydride and thus below the
surface enhances the cycling rate. In our experiments, surface
Ti is only detected when the sample has completed
dehydrogenation. The demonstrated improvement in desorp-
tion kinetics must then be the result of Ti-promoted bulk or
buried interface processes, such as defect formation, H
diffusion, phase nucleation, and growth, or the “zipper
model” of Na displacement from NaAlH4 grains.

10 We cannot
rule out the possibility that surface Ti could play a role in
promoting rehydrogenation, which is not feasible at moderate
pressures in pure sodium aluminum hydride,9 though such
investigation is beyond the scope of this study due to the
subatmospheric pressure limitations of AP-XPS and LEIS.
Surface Oxygen Behavior. The existence and evolution of

surface oxygen species over the course of hydrogen desorption,
as shown in Figure 5c, reveal a richer mechanistic description
of the surface kinetic processes. These oxidized moieties are
unavoidable, as even the cleanest pure-Ar gloveboxes, where
hydrides are synthesized and processed, contain traces of
oxygen and water. It would take just a few seconds for those
oxygenated species to interact with the highly reactive surface
of NaAlH4.

49,50 The good hydrogenation cyclability of our
samples and crystallographic corroboration by XRD indicate
that the bulk remains predominantly NaAlH4, with some
residual amounts of Na3AlH6 and no detected oxide or
hydroxide, indicating that they are only thin surface structures,
very highly disordered and noncrystalline, or present in very
small quantities (Figure S6, Table S1). The predominant oxide
species found at room temperature at the surface of the fully
hydrogenated sample are metal oxide (Al−O−Al) and metal
hydroxide (Al−OH). These different oxidized species likely
result from the reaction of gaseous O2 and/or H2O with the
AlH4

− at the surface in different ratios, forming Na3AlH6 as a
byproduct. Therefore, they are not expected to be present in
an ordered, crystalline form, with the real experimental and
AIMD-generated structures being substantially more complex.
Upon heating (70−100 °C), as mobile hydrogen within the

Al−H clusters (AlH4
− and AlH6

3−) starts to migrate from the
bulk toward the surface, most of the Al−O−Al becomes
hydroxylated, Al−OH. Al(OH)3 is known to conduct protons,
even forming adsorbed species in the process,51−53 and it has
been found that Al2O3 can transmit H atoms over short
distances on the surface without itself being reduced to the
metal,29 likely through transient formation of Al−OH species.
At a slightly higher temperature (150 °C), a subtle but
important transformation is observed, coinciding with a
considerable increase in the release of hydrogen. This

temperature likely corresponds to significant destabilization
of bulk Na3AlH6, which is broadly consistent with previous
reports of the Ti-doped Na−Al−H system.25,54 More ionic
Al−OH is destabilized by the H flux and evolves to more
weakly bonded Al−OH2 (distinct from physisorbed water), as
clearly identified by AP-XPS shifts. The formation of these
bound OH−H groups during dehydrogenation is key to our
proposed mechanistic interpretation. As hydrogen atoms
diffusing from the bulk reach the surface, the Al−OH2
complex stabilizes the reaction intermediates for H2 formation.
The simplest way to explain the process is via the reaction of
one protic H from an Al−OH2 with a hydridic H coming from
an Al−H species, generating H2 and regenerating Al−OH.
Although a possible pathway could have resulted in water
formation (as typically occurs in hydroxylated oxide surfaces),
we have not detected adsorbed water on the surface at a
binding energy greater than that for the Al−OH2 species.55

Additionally, the total amount of oxygenated species on the
surface remained mostly constant through the process, and
neither gas-phase water nor oxygen was detected in the mass
spectrum. The observed behavior can be explained with the
following surface mechanism (eqs 3 and 4)

(Al OH ) H (Al OH) H2 2
gas− + → − + (3)

(Al OH) H (Al OH )2− + → − (4)

Reactions 3 and 4 constitute a catalytic cycle, in which Al−
OH2 facilitates the kinetics, relative to a pristine surface with
only Al−H moieties, but is not consumed in the process. Note
that an analogous cycle between Al−O(−Al) and Al−OH can
also be imagined. A complete description of the proposed
phase evolution mechanism of NaAlH4 surfaces during
dehydrogenation is given in Figure 6.
In addition to providing some insight into the phase

evolution of Ti-doped NaAlH4 during dehydrogenation, the
accumulation of hydrogen at the surface, as indicated by the
hydroxylation of the oxide before and at peak desorption,
reveals that a surface process is the rate-limiting step. We
propose that the phase transition starts in the bulk, generating
a supersaturation of hydrogen atoms in the material. At the
initial stages of dehydrogenation, the surface still contains
considerable amounts of oxide species, probably resulting in
slow kinetics for hydrogen recombination and desorption. Slow
surface desorption due to these oxides combined with
relatively faster bulk dehydrogenation will result in an
increased supersaturation of hydrogen at the subsurface. At
certain supersaturation, surface oxides will not be in
equilibrium with subsurface hydrogen and will hydroxylate,
facilitating the kinetics for desorption and recombination (eqs
3 and 4). The supersaturation of subsurface hydrogen will

Figure 6. Schematic to illustrate the proposed evolution during dehydrogenation.
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stabilize as the bulk and surface processes reach steady state.
The surface hydroxylation will remain until the bulk fully
dehydrogenates. The surface then returns to its initial mixture
of oxides and hydroxides. Only operando measurements with
highly sensitive surface spectroscopies could be capable of
observing this hydroxylation process cycle.
It is unclear if the surface limitation arises from the slowing

of the transport of H inside the oxidized aluminum layer
compared to the hydride phases or from the already limited
rate of the recombination reaction to form the gas. The
activation energies for H transport in NaAlH4, Na3AlH6,

56 and
metallic Al57 have been computed to be fairly similar, around
0.4 eV. However, the diffusion barrier in pure α-Al2O3 is 1.24
eV,58 suggesting that transport may be hindered by the
hydroxide layer, though the high degree of hydroxylation and
number of defects may change the experimental value
substantially.
Energetic Barriers. To understand better the potential

impact of the oxide on the kinetics of H2 formation, we
modeled the surface dehydrogenation process in NaAlH4 using
nudged elastic band (NEB) calculations (see the Experimental
Methods for details). To do so, we generated 10 different
models based on characteristic AIMD-derived surfaces, from
which the barriers for H2 desorption were computed. Each
model featured a pathway for H2 desorption through which a
H atom present in a surface OH− group reacts with a nearby H
in an AlH4

− group and leaves the surface as a H2 molecule.
These pathways were compared to a similar pathway on the
pristine surface without oxidation.
The results for the computed H2 desorption barriers are

shown in Figure 7. The barrier for H2 extraction from idealized

pristine NaAlH4 was found to be 2.56 eV. On the other hand,
the oxidized surfaces demonstrated far lower barriers ranging
from 0.13 to 1.61 eV depending on the local surface features,
with the lowest-barrier variants exhibiting a higher prevalence
(Figure 7b; calculated mean = 0.68 eV). Reactions at the
different oxidized surfaces followed very similar pathways,
involving the reaction of a surface OH− group with a H atom
attached to an AlH4

− group to form H2 (Figure S10). In each
case, the product incorporates the formation of a new bond
between the O atom and the remaining AlH3 group. In our
simulations, this new binding configuration has a bond energy
on the order of 0.5 eV or more, which helps stabilize the
thermodynamics of H2 release in addition to facilitating
kinetics. Note that although the results shown in Figure 7 are
for oxidized NaAlH4, analogous behavior is expected for
oxidized Na3AlH6. Previously reported barriers determined
with DFT for a NaAlH4 surface doped with an atom of Ti were
about 1.5 eV,59 which, though lower than that of the undoped
surface, were more than twice the average barrier for the
oxidized surfaces.
The relatively low migration barriers calculated for the

oxidized surfaces in Figure 7 likely arise from the charge states
of the H atoms under investigation. In OH− groups, H is
present as a positively charged protonic species; in AlH4

−, on
the other hand, H atoms are present as negatively charged
hydride ions. Thus, H2 can be degassed from the material via a
heterosynthetic process (H+ + H− → H2) that is much more
kinetically favorable than the equivalent process in pristine
NaAlH4, whereby two hydride ions would need to part with
two electrons in order to form H2. This process also obviates
the need for reduction of Al3+ at the surface. To validate the
heterosynthetic nature of the H2 formation pathway, we
calculated the Bader charge profiles of the systems studied in
our NEB calculations.41,42 Indeed, H atoms in OH− groups are
positively charged within the Bader scheme (q = +0.99 ±
0.08), whereas H atoms in AlH4

− groups are negatively
charged (q = −1.00). This concept of heterosynthetic H2
formation is not unique to this system; other complex
hydrides, such as (NH4)

+(BH4)
−, are known to decompose

readily in a similar manner.60

■ CONCLUSIONS
We have shown how observing the chemical evolution of
surface species in dehydrogenating Ti-doped NaAlH4 can
elucidate which species may play an active role in dehydrogen-
ation. The resulting operando evolution of surface and gas
species was interpreted by DFT calculations and comple-
mented by further ex situ characterization with several
techniques to provide a precise microscopic picture of the Al
and O surface species present. This approach allowed us to
propose a mechanism to explain surface reactions in Ti-doped
NaAlH4 dehydrogenation: small amounts of Al−oxide
impurities at the surface transform during desorption into
Al−hydroxide species, which dynamically evolve according to
hydrogen flux from the interior of the material. We propose
that exchange among Al−O(−Al), Al−OH, and Al−OH2
moieties at the surface may facilitate H2 release within a
catalytic cycle. This is reflected in NEB calculations, which
show that dehydrogenation barriers are significantly lower on
the oxidized surface as opposed to the pristine NaAlH4 surface,
which can be explained by the heterosynthetic reaction of
negatively charged hydride ions bonded to Al and positively
charged protonic species bonded to O.

Figure 7. (a) Reaction coordinate diagram showing the evolution of
energy over reaction paths for H2 desorption from pristine (black)
and two different oxidized NaAlH4 surfaces (red) in NEB. (b)
Histogram of barriers for H2 desorption from all tested oxidized
NaAlH4 surfaces (red) compared with the value for the pristine
surface (black).
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As already indicated by previous studies, we confirmed that
the surface of ball-milled NaAlH4 is free of titanium, relegating
its contribution in dehydrogenation to the bulk (where we
have detected metallic Ti by STXM). This confirms that, in
our analysis, Ti does not itself catalyze a surface process upon
addition to pure NaAlH4, as some studies have suggested. It is
unclear from the above results what the role of titanium in the
bulk is; numerous proposed mechanisms of action, including
the improved nucleation and growth of product phases, the
formation of AlHx defects, and the facilitated transport of
hydrogen within NaAlH4, have been discussed in depth in the
review by Frankcombe, though we cannot definitively affirm
one of these with the surface science experiments we have
conducted.10 However, we find evidence of the accumulation
of hydrogen in the near-surface region at intermediate stages of
the reaction, indicating that the rate-determining process for
the overall dehydrogenation of Ti-doped NaAlH4 may switch
to a surface process once Ti is added.
Our results strongly suggest that surface oxides are active

participants in the surface dehydrogenation reaction. To
support this hypothesis, we have provided a detailed view of
the hydroxide-mediated chemistry in dehydrogenating
NaAlH4. Although the results presented here are limited to
NaAlH4, prevalent oxidation of the topmost surface layers can
be expected in other complex metal hydrides, especially those
that are extremely sensitive to residual oxidation such as the
more gravimetrically capacious metal borohydrides. It is
important to note that, in the absence of additional testing,
the presence of a surface oxide cannot be directly linked to
overall storage kinetics, given the possibility of other rate
limitations not explored within our study. Nevertheless, we
propose that controlling the dynamics of surface oxides and
hydroxides, and how hydrogen diffuses and recombines at
them, is a promising and largely unexplored route toward
realizing the kinetic improvements needed for metal hydrides
to meet vehicular-use targets.
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