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I
t is now well-established that confining
metal hydrides within a nanoporous ma-
terial accelerates their hydrogen desorp-

tion kinetics1�6 and in some cases alters the
thermodynamics5,7�9 of the process as well.
However, the question of whether such hy-
brid storage materials can be of practical use
is still outstanding. Aside from the fact that
the template reduces the gravimetric capa-
city of the storage material (although it may
increase its volumetric capacity if a suffi-
ciently low-density scaffold is used), there is
only limited evidence that nanoscale hy-
drides can be used reversibly.1,4�6,10�12 Bulk
complex metal hydrides typically require
high H2 pressures to drive the rehydrogena-
tion reaction, which makes on-board regen-
eration unfeasible. The concept of reversible

hydrogen storage in complex metal hydrides
was first demonstrated by Bogdanovic and
Schwickardi13 using Ti-doped NaAlH4, and
this has become a canonical system for so-
lid-state H2 storage. The decomposition of
bulk NaAlH4 takes place in two steps and
includes the formation of a stable intermedi-
ate, Na3AlH6:

NaAlH4 h
[Cat:]

step1
1=3Na3AIH6 þ 2=3Al

þH2 h
[Cat:]

step2
NaHþAlþ 1=2H2 (1)

Addition of a catalyst (Ti or other transition
metal) is necessary for both steps 1 and 2 to
be reversible under practical conditions. In
contrast, nanoconfined NaAlH4 decomposes
in a single stepwithout theneed for a catalyst,
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ABSTRACT We demonstrate that NaAlH4 confined within the

nanopores of a titanium-functionalized metal�organic framework

(MOF) template MOF-74(Mg) can reversibly store hydrogen with

minimal loss of capacity. Hydride-infiltrated samples were synthe-

sized by melt infiltration, achieving loadings up to 21 wt %. MOF-

74(Mg) possesses one-dimensional, 12 Å channels lined with Mg

atoms having open coordination sites, which can serve as sites for Ti

catalyst stabilization. MOF-74(Mg) is stable under repeated hydro-

gen desorption and hydride regeneration cycles, allowing it to serve

as a “nanoreactor”. Confining NaAlH4 within these pores alters the decomposition pathway by eliminating the stable intermediate Na3AlH6 phase observed

during bulk decomposition and proceeding directly to NaH, Al, and H2, in agreement with theory. The onset of hydrogen desorption for both Ti-doped and

undoped nano-NaAlH4@MOF-74(Mg) is∼50 �C, nearly 100 �C lower than bulk NaAlH4. However, the presence of titanium is not necessary for this increase

in desorption kinetics but enables rehydriding to be almost fully reversible. Isothermal kinetic studies indicate that the activation energy for H2 desorption

is reduced from 79.5 kJ mol�1 in bulk Ti-doped NaAlH4 to 57.4 kJ mol
�1 for nanoconfined NaAlH4. The structural properties of nano-NaAlH4@MOF-74(Mg)

were probed using 23Na and 27Al solid-state MAS NMR, which indicates that the hydride is not decomposed during infiltration and that Al is present as

tetrahedral AlH4
h anions prior to desorption and as Al metal after desorption. Because of the highly ordered MOF structure and monodisperse pore

dimensions, our results allow key template features to be identified to ensure reversible, low-temperature hydrogen storage.

KEYWORDS: metal�organic frameworks . nanoreactors . metal hydrides . hydrogen storage . reversibility . nanoconfinement
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as shown by both density functional theory (DFT)
calculations14,15 and several experimental reports.5�7,12

Reports concerning reversibility of nanoconfined hy-
drides are much more sparse, however. Nielsen et al.

demonstrated that NaAlH4 within nanoporous carbon
aerogel (average pore size 17 nm) can be partially
regenerated by incorporating TiCl3 catalyst within the
pores. However, the reversible capacity drops precipi-
tously to about 50%within four cycles.1 Xiong et al. found
that NaAlH4 infiltrated into Ti(OBu)4-loaded ordered
mesoporous carbon retains approximately 80% of the
initial H2 capacity after 11 dehydrogenation/rehydro-
genation cycles.16 In another report, Zheng et al. re-
generated ∼67% of the original hydrogen capacity by
rehydrogenating NaAlH4 in mesoporous silica (average
pore size 10 nm) without a catalyst at 150 �C and 5.5
MPa H2 pressure,17 conditions under which NaAlH4 is
not reversible. Finally, Gao and co-workers studied the
hydrogen desorption from NaAlH4 confined in 2�3 nm
pores of carbon and reported improved kinetics but also
partial reversibility as low as 2.4 MPa H2 and 160 �C.5

While these studies demonstrate that nanoconfine-
ment can increase the kinetics of hydride regeneration
under moderate conditions, the partial reversibility
and/or significant capacity losses observed indicate
that a much better understanding of the factors influ-
encing reversibility at the nanoscale is required to
develop effective nanoscale hydride storage materials.
It should also be mentioned that Pinkerton et al.melt-
infiltrated NaAlH4 into 13-nm carbon aerogels and
observed enhanced H2 release kinetics and up to
85% reversibility at 10.0MPaH2 and 160 �C.18 However,
in this case, it is clear that the observed effects are not
solely due to confinement, as theenhancedbehaviorwas
observed in samples having too small a pore volume to
accommodate all of the hydride in the sample. In addi-
tion, the reaction apparently occurs by the normal two-
step decomposition process shown above in reaction 1,
compared with the one-step decomposition seen for
nanoconfined NaAlH4.
In our own work, we recently demonstrated that infil-

tratingNaAlH4 into the pores of themetal�organic frame-
work (MOF) Cu3(btc)2 (btc = 1,3,5-benzenetricarboxylate)
results in remarkable changes in both kinetics and
thermodynamics of hydrogen release.2,7MOFs are attrac-
tive as supports for hydride nanoparticles (NPs) because
their well-defined crystalline structure andmonodisperse
pore dimensions allow detailed, quantitative probing of
the thermodynamics and kinetics of H2 desorption with-
out the ambiguity associatedwith amorphous templates.
MOFs have the additional advantage that they can serve
as “nanoreactors”, in which cavity size and chemical
functionality can be designed to facilitate a specific
reaction chemistry. The MOF topology can likewise
be used to control the shape and connectivity of NPs
grown inside them, since channel-like (1-D), layered (2-D),
or intersecting channel (3-D) structures are known.19

Reactant and/or product stability can also be tailored
bymodifying the nature of the organic “linker” groups or
by including open metal sites within the MOF secondary
buildingunits (SBUs). In thecaseofCu3(btc)2, theenclosed,
approximately spherical pores allowed us to access hy-
dride particle sizes of 1 nm or less. The carboxylate linkers
and open Cu(II) sites also stabilize the hydride and its
decomposition products including, remarkably, the alumi-
num metal clusters resulting from the one-step decom-
position. Unfortunately, this MOF cannot be used for
reversibility studiesbecause it decomposesunder thehigh
H2 pressure and elevated temperature required for the
rehydrogenation reaction.7 Although MOFs as templates
formetal hydrides have been usedpreviously,2,7,20,21 there
are no reports of reversibility by hydride@MOFs.22

Here, we report reversible hydrogen storage by
NaAlH4 confined within the pores of catalyst-functio-
nalized MOF-74(Mg), which serves as both a template
for forming hydride NPs and a nanoreactor for decom-
posing and reforming the hydride. The capacity reten-
tion by this material is one of the highest achieved to
date, with nearly 90% of the initially stored hydrogen
still accessible after four desorption/readsorption cy-
cles. We achieved this by melt-infiltrating the hydride
into the 1-D channels of MOF-74(Mg), which were
preloaded with a titanium catalyst, TiCl4 (referred to
hereafter as NaAlH4(Ti)@MOF-74(Mg)). This MOF was
selected because it displays remarkable chemical and
thermal stability in the presence of both high-pressure
H2 and molten NaAlH4. Additionally, however, MOF-
74(Mg) is similar to Cu3(btc)2 in two keyways that allow
direct comparisons between the new results described
here and our earlier work. First, it has open metal sites,
which could stabilize hydride NP decomposition pro-
ducts and facilitate rehydrogenation by bringing H2

molecules into close proximity with them. Second, its
hexagonal pore dimensions are only slightly larger (12 Å
in diameter) than those of Cu3(btc)2. Like NaAlH4@Cu3-
(btc)2, thenanoscale hydridewithinMOF-74(Mg) exhibits
fast hydrogen desorption kinetics via a one-step decom-
position process. The results suggest that careful tailoring
of the pore dimension(s) to enhance interactions of the
hydride with the chemical groups comprising the pore
and the presence of electron-accepting sites to stabilize
the catalyst are necessary to achieve reversibility and
maximize capacity retention.

RESULTS

Synthesis and Characterization of As-Synthesized Ti-Doped
NaAlH4@MOF-74(Mg). The two-step process by which we
synthesized Ti-doped NaAlH4@MOF-74(Mg) yields nano-
confined hydride without observable degradation of the
MOF template. As described in detail in the Methods
section, the activated MOF is first exposed to gas-phase
TiCl4, followed by melt infusion with NaAlH4 at 195 �C
under 25 MPa H2 overpressure. We used an incipient
wetness infiltration method, which is designed to avoid
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the formationof any residual bulk hydride. Theamountof
hydride used was less than the amount required to
completely fill the MOF-74(Mg) pores, and the 1-D
parallel channels in MOF-74 are expected to exhibit
capillary effects that will facilitate the hydride infiltration.

We characterized the melt-infiltrated samples by a
variety of methods to confirm that the hydride fills the
pores of the intact MOF and is not merely a coating on
the outside of the particles. The overall atomic compo-
sition of the sample is confirmed by elemental analysis,

showing that a 21% (m/m) NaAlH4 loading is achieved.
Strong evidence that this hydride is located within the
MOF pores is obtained first from the powder X-ray
diffraction (XRD) pattern of NaAlH4(Ti)@MOF-74(Mg),
which is very similar to that of neat, activated MOF-
74(Mg) (Figure 1) and agrees with the established
MOF-74(Mg) crystal structure.23 The XRD data for the
as-synthesized material exhibit no diffraction peaks
from metallic Ti or crystalline NaAlH4, indicating that
the hydride has no long-range order. Furthermore,
there is no indication that the crystal structure or
long-range order of the MOF is reduced, and there
are no unassigned reflections that would indicate new
MOF phases, decomposition of the hydride, and/or a
possible reactionbetween theMOFhost and thehydride.

The uniform distribution of the hydride and catalyst
throughout the MOF crystals is demonstrated through
scanning electron microscopy (SEM) measurements
using energy-dispersive spectroscopy (EDS). The pene-
tration depth for 15 keV electrons used here is approxi-
mately 5 μm, so this method probes the entire particle
and not only its surface. SEM images of a typical
infiltrated MOF-74 particle are shown in Figure 2A,B,
with the EDSmaps corresponding to the area depicted
in Figure 2 shown in Figure 2C. A typical EDS scan is
shown in Figure 2D and confirms the presence of Na,

Figure 1. Powder XRD patterns for bulk NaAlH4 and Ti-
NaAlH4 melt infiltrated into MOF-74(Mg).

Figure 2. SEMand EDS analysis onNaAlH4(Ti)@MOF-74(Mg). (A) SEM imageof an infiltratedMOF-74particle. (B) SEM imageof
the area selected for EDS analysis. (C) SEM-EDS elemental mapping images for Na, Al, Mg, and Ti. (D) EDS spectrum of the
selected area shown in panel A.
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Al, Mg, Ti, and Cl. The elemental maps indicate that Na,
Al, Mg, and Ti are dispersed throughout the particle
and do not suggest an accumulation of hydride in a
particular location or nucleation to form bulk crystals
physically mixed with the MOF template.

Fourier transform infrared (FTIR) spectroscopy em-
ployed to probe the bulk of the MOF-74(Mg) sample,
also shows that the framework is not decomposed
upon infiltration and that NaAlH4 is likely present with-
in the MOF pores. The FTIR exhibits a broad shoulder
around 1650 cm�1 corresponding to the Al�H stretch
from the hydride (Figure S1 in Supporting Information).
The characteristic bands seen in the spectrum of the
activated MOF (νas(CO2

�)) appear at 1589 cm�1, while
the symmetric stretching vibration νs(CO2

�), detected
at 1416 cm�1, remains essentially unchanged upon
infiltration with TiCl4 and NaAlH4. As the asymmetric
and symmetric bands of the carboxylate groups are
known to be very sensitive to the coordination envir-
onment, the lack of any significant changes in these
bands upon infiltration with TiCl4 and NaAlH4 indicates
that MOF-74(Mg) is unaffected by the infiltration pro-
cess. These results are consistent with the XRD data,
which indicate that the framework structure is pre-
served. The samples remain porous after infiltration
(see Table 1), in spite of the relatively high hydride
loading. The as-activated MOF-74(Mg) displays a N2

BET surface area of 1530 m2/g and a pore volume of
0.593 cm3/g. After loading with TiCl4 and NaAlH4, the
surface area decreases to 407 m2/g, while the pore
volume reaches 0.157 cm3/g. These results are consis-
tentwith previous reports showing that theMOF surface
area decreases after infiltration with guest molecules.24

Together, these data indicate that NaAlH4 penetrates
the MOF pores and do not support the notion that any
significant quantity of hydride exists on the outer surfaces
of the particles. Since the external surface area of theMOF
powder is extremely low (essentially zero by comparison
with the interior surfacearea), anexternal coatingwouldof
necessity be very thick at our hydride loadings. For a
5 μm particle, such as is shown in Figure 2, and noting
the densities of MOF-74(Mg) and NaAlH4 (1.51 and
0.91 g cm�3, respectively), we estimate the average thick-
ness of a hydride coating on the particle surface to be
∼780 nm. Since no evidence of an amorphous NaAlH4

bulk phase has ever been reported as a result of infiltrat-
ing nanoporous templates, it is reasonable to expect that

a surface coating would be crystalline, which is not
consistent with the XRD data described above.

Gas Desorption. Residual gas analysis (RGA) demon-
strates that almost no H2 is desorbed by the activated
form of MOF-74(Mg), as seen in Figure S2 (Supporting
Information). In contrast, the RGA of the NaAlH4(Ti)-
@MOF-74(Mg) sample shows that H2 is the primary
gas evolved, with only traces of H2O (m/z 18), MeOH
(m/z 32), CO2 (m/z 44), and DMF (m/z 73) detected. The
CO2 signal begins to increase only at temperatures
above ∼300 �C, indicating that the MOF-74(Mg) tem-
plate is stable throughout the temperature range of
the desorption experiments. Thermogravimetric/mass
spectrometry (TGA/MS) analysis reveals that H2 de-
sorption occurs in the 50�250 �C range, while the
decomposition of the MOF starts >250 �C (Figure S3,
Supporting Information). This was quantified using
temperature-programmed desorption (TPD), which
demonstrates that confining thehydride inMOF-74(Mg)
leads to significant destabilization, consistent with
what is observedwhen NaAlH4 is confined in Cu3(btc)2.

7

As seen in Figure 3, the bulk NaAlH4 control sample
undergoes essentially no dehydrogenation until the
temperature reaches 150 �C, while the uncatalyzed
and Ti-catalyzed NaAlH4@MOF-74(Mg) samples have
already lost ∼65% of the theoretically possible hydro-
gen at 2.5 h and 150 �C. These desorbed wt % hydro-
gen values were normalized to reflect the weight of
NaAlH4, assuming 21 wt % loading of NaAlH4 in the
pores of MOF-74(Mg). The dehydrogenation of the
bulk NaAlH4 sample begins at 150 �C, and even after
8 h at 200 �C, less than 2.5 wt % hydrogen is desorbed.
In contrast, the onset temperature for dehydrogena-
tion by undoped NaAlH4@MOF-74(Mg) is at ∼50 �C
and reaches a maximum value of 4.5 wt % at 200 �C.
This corresponds to nearly complete dehydrogenation
of NaAlH4 to NaH (maximum theoretical H2 capacity is
5.6wt%). In contrast, after heating to 200 �C, the extent
of desorption from a bulk sample is <50%.

TABLE 1. BETSurfaceAreaAnalyzedbyNitrogenAbsorption

Measurements

sample

BET surface area

(m2/g)

pore volume

(cm3/g)

MOF-74(Mg) activated 1530 0.593
NaAlH4(Ti)@MOF-74(Mg) after melt infiltration 407 0.157
NaAlH4(Ti)@MOF-74(Mg) after 4 cycles 131 0.092

Figure 3. Temperature-programmed desorption spectra
for bulk NaAlH4 compared with catalyzed and uncatalyzed
NaAlH4@MOF-74(Mg). The wt % H values are normalized to
the NaAlH4 loading.
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This suggests that the catalyst has little or no role in
the desorption of NaAlH4, which is another consider-
able difference in behavior relative to bulk hydride. It
also contrasts with the previous work by Nielsen et al.,
who observed a reduction in the onset of H2 desorp-
tion by a NaAlH4-infiltrated porous carbon preloaded
with TiCl3 catalyst.

1 Hydrogen desorption from the bulk
requires titanium or other transition-metal catalyst to
bring the desorption temperature to below 150 �C.13,25

We quantified the NaAlH4(Ti)@MOF-74(Mg) desorp-
tion kinetics by measuring the H2 evolution rate under

isothermal conditions. Samples were decomposed in a
PCT instrument, using a calibrated volume and tem-
peratures ranging from 150 to 195 �C. The quantity of
desorbed hydrogen (in wt %) versus time (in min) was
monitored and is depicted in Figure 4 for each tem-
perature. Since the desorption reactions were per-
formed at temperatures below 200 �C, the amounts
of hydrogen produced are less than expected on the
basis of TPD results shown in Figure 3. The data clearly
show, however, that the H2 desorption process is
thermally activated. The fit of these data to the Ar-
rhenius equation (inset of Figure 4) yields 57.4( 2.4 kJ
mol�1 for the desorption activation energy for Ea(d) of
NaAlH4(Ti)@MOF-74(Mg), which is considerably lower
than the value reported for bulk Ti-catalyzed NaAlH4,

26

that is, 79.5 kJ mol�1 (Table 2).

Reversibility of Nanoconfined NaAlH4. A series of charge/
discharge experiments using the PCT apparatus de-
monstrate that the kinetic enhancements described
above are preserved over several cycles. We find that
the undoped NaAlH4@MOF-74(Mg) displays limited
reversibility (<2.0 wt % at 160 �C under 10.5 MPa
hydrogen; see Figure S4, Supporting Information). In
contrast, the NaAlH4(Ti)@MOF-74(Mg) samples were
cycled through four dehydrogenation/rehydrogena-
tion sequences that display minimal capacity losses.
Plots of the desorbed hydrogen weight percentage as
a function of temperature are shown in Figure 5. After
each dehydrogenation cycle (∼4 h), the samples were
rehydrogenated by heating to 160 �C under 10.5 MPa
H2 pressure for 2 h, then gradually cooled to room
temperature under H2 pressure. The first dehydrogena-
tion cycle releases 4.1 wt % hydrogen, after which the
capacity decreases to 3.9, 3.7, and 3.6 wt % for the
second, third, and fourth cycles, respectively. In addi-
tion, the rehydrogenation reaction is faster than bulk
Ti-doped material, where absorption to 95% capacity
takes over 1 h at 2 mol % and about 0.5 h at 4 mol % Ti
doping.26 In contrast, NaAlH4(Ti)@MOF-74(Mg) sam-
ples are saturated with hydrogen in less than 20 min

TABLE 2. Measured Activation Energies for Bulk NaAlH4

and Nanoconfined NaAlH4

Ti (mol %) H2 capacity (% M/M) Ea(d) (kJ mol
�1) ref

0 (bulk) 5.12 118.1 26
2% (bulk) 4.25 79.5 26
0 (10 nm pores) 58 3
0 (4 nm) 46 4
0 (1 nm) 53.3 7
3 (e1.2 nm) 4.2 57.4 this work

Figure 4. Isothermal desorption of NaAlH4(Ti)@MOF-74(Mg)
at 150, 165, 180, and 195 �C. The inset shows the Arrhenius
plot at these temperatures. Thewt%Hvalues are normalized
to the NaAlH4 loading.

Figure 5. Desorption (left) and absorption (right) of NaAlH4(Ti)@MOF-74(Mg) for four consecutive cycles. The dehydrogena-
tionwas done upon heating from room temperature to 200 �C,while the rehydrogenationwas done at 160 �Cunder 10.5MPa
H2 pressure. The wt % H values are normalized to the NaAlH4 loading.
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under the above-mentioned conditions. Also, a two-
step reaction is clearly evident in the bulk absorption
profiles of Sandrock et al. (see Figure 1 in ref 26). Our
absorption profiles show no similar break and suggest
a one-step reaction. Finally, the capacity changes ob-
served in NaAlH4(Ti)@MOF-74(Mg) are far smaller than
occur in either bulk NaAlH4

7 or the hydride confined
within carbon aerogels; the capacity of the latter drops
by 50% after four cycles.1 Note that neither the FTIR
(Figure S1, Supporting Information) nor the XRD pat-
tern (Figure S5, Supporting Information) indicate that
any significant decomposition of the MOF occurs. The
decrease in the surface area (131 m2/g) and pore
volume (0.092 cm3/g) of the cycled sample is most
likely the result of some migration of material toward
the outer surface of the crystals that hinders access of
N2 to the MOF interior.

Characterization of NaAlH4(Ti)@MOF-74(Mg) Using Solid-State
NMR. Solid-state NMR spectra confirm the presence of
the hydride in the infiltrated MOF-74(Mg) sample and
show that the desorption and rehydrogenation reac-
tions occur without formation of intermediate phases.
27Al and 23NaNMR spectra are shown in Figures 6 and 7,
respectively, and the observed resonances are sum-
marized in Table 3. The spectra from both nuclei for
NaAlH4(Ti)@MOF-74(Mg) are nearly identical to those

of the neat (bulk) material. In the infiltrated sample, the
27Al resonance occurs at δ = 95.2 ppm and the 23Na
signal is at δ = �9.6 ppm, while in the bulk material,
they are at δ = 95.6 and �9.6 ppm, respectively,
consistent with a previous report.27 These observations
suggest that the bonding in NaAlH4 is not greatly
changed by melt infiltration of the MOF pores. The
spectra also display no signals corresponding to Al
metal, Al2O3, or Na3AlH6, showing that the infiltrated
NaAlH4 does not react with the framework under the
high H2 pressure and temperature required for melt
infiltration.

Spectra obtained from a dehydrogenated sample
after four dehydrogenations, shown in Figures 6C, 7C,
and S6, reveal the nature of the decomposition pro-
ducts. A very large (>80%) signal is observed at
δ = þ1637 ppm corresponding to Al metal (Figure 5B),
along with a minor resonance (<1%) at δ = �43 ppm
corresponding to a small amount of Na3AlH6 evidently
formed as a decomposition product (expanded spec-
trum in Figure S6C, Supporting Information). There is
also resonance at δ = 95.6 ppm corresponding to un-
reacted NaAlH4. The

23Na spectrum shows two major
resonances at δ = �9.6 ppm, assigned to unreacted
NaAlH4, and δ =þ18.2 ppm, corresponding to NaH. Both
are consistent with reported literature values.27 However,
the NaAlH4/NaH molar ratio, inferred from the ratio of
the corresponding resonances in Figure 7C, is not
consistent with the corresponding NaAlH4/Al ratio
taken from the 27Al MAS NMR spectrum (Figure 6C),
suggesting that there may be another Na species

Figure 6. 27Al NMR spectra for (A) neat NaAlH4, (B) NaAlH4-
(Ti)@MOF-74(Mg), (C) desorbed NaAlH4(Ti)@MOF-74(Mg)
after 4 dehydrogenation cycles, and (D) NaAlH4(Ti)@MOF-
74(Mg) after H2 absorption (after 4 desorption/absorption
cycles). Spinning side bands are indicated by stars.

Figure 7. 23Na NMR spectra for (A) neat NaAlH4, (B) NaAlH4-
(Ti)@MOF-74(Mg), (C) sample of (B) after four H2 desorption
cycles, showing the formation of NaH, and (D) sample of (C)
after H2 reabsorption showing regeneration of NaAlH4.
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present. In particular, we cannot rule out the presence
of metallic sodium, which displays a chemical shift
(þ1123 ppm) and lies outside of the tested 23Na
spectral window. In addition, the 23Na MAS NMR spec-
trum of the nanoconfined hydride sample displays a
minor resonance at þ7.1 ppm that is assigned to NaCl
(Figures 7B�D and S7) and which likely originates from
the reaction of TiCl4withNaAlH4. FollowingH2 reabsorp-
tion, themajority of the Almetal signal (δ=þ1637 ppm)
disappears and the δ = 95.6 ppm signal reappears,
indicating that the Al metal is converted to NaAlH4

(Figure 6D). This is corroborated by the 23Na spectrum
(Figure7D),whichexhibits amajor signal atδ=�9.6ppm
corresponding to NaAlH4. These results clearly show that
most of the Almetal is converted to NaAlH4 after rehydri-
ding, as is the NaH product.

DISCUSSION

Although there are now many examples in the
literature showing that nanoconfinement dramatically
improves hydride desorption kinetics, it is clear that
this represents only half of the equation: reversibility is
also required to achieve a successful storage material.
The results presented here demonstrate that both
accelerated H2 desorption kinetics and reversibility
can be achieved by confining NaAlH4 within a nano-
porous support. Because of the well-defined, uniform
pore dimensions and chemical environment associated
with theMOF-74 template, it is possible to establishwhy
these favorable properties are achieved with a much
greater degree of confidence than is feasible with dis-
ordered templates such as porous carbons. As a result,
some basic features of an optimal template for reversible
storage can be identified that can assist in future devel-
opment of nanohydride storage materials.
We first consider the desorption process. On the basis

of our prior results for infiltrated MOFs2,7 and those of
others cited above, we conclude that the scaffold pore
size must be less than 20 nm, and probably much
smaller (perhaps as much as a factor of 10), to obtain
desorption activation energies Ea(d) < 60 kJ (mol H2)

�1.
Both MOF-74 and Cu3(btc)2

2,7 templates, which have
pores in the 1.0�1.3 nm range, kinetically destabilize
NaAlH4 to this extent. The results of Baldé et al. (NaAlH4

stabilized on carbon nanofibers28) are consistent with

this conclusion, indicating that particles in the 2�10 nm
size range have a desorption activation energy of 58 kJ
(mol H2)

�1. This value is quite similar to those we obtain
usingMOFswithmuch smaller pores (Table 2). However,
the relatively broad particle size distributionmakes it dif-
ficult to determine whether particles g10 nm are kineti-
cally destabilized to the same extent as 1.0 nm particles.
Related work by Li et al.4 and Nielsen et al.1 using 4 nm
mesoporous carbon (MPC) and carbon aerogel having an
average pore size of 17 nm, respectively, achieved in-
creases in desorption rates comparable to what we ob-
serve. However, in both cases, the presence of nanocrys-
talline hydride that ismuch larger than the template pores
(∼35 nm based on the Scherer formula) makes it unclear
whether the observed rate increase is due to hydride
within the pores or on template surfaces. As a result, the
use of the MOF-74 template, with its monodisperse pore
size, provides themost conclusive results to date concern-
ing the effect of size on hydrogen desorption kinetics.
The titanium catalyst evidently plays no role in the

improved desorption kinetics, as our results show vir-
tually identical desorption curves for catalyzed and un-
catalyzed NaAlH4@MOF-74(Mg) (Figure 3). This strongly
contrasts with bulk hydride, where both desorption and
regeneration require a catalyst to proceed at reasonable
rates above 150 �C.25,26,29�31 We previously suggested
that reduced NaAlH4 desorption activation energies are
primarily due to the reduction in particle size, rather than
a chemically specific interaction with scaffold pore walls.
This hypothesis is supported by the fact that NaAlH4

confined within MOF pores2,7 and supported on various
carbons1,5,12 decomposes via a one-step decomposition
pathway with similar activation energies, even though
we expect that these templates have rather different
surface chemistries. This is consistent with DFT calcula-
tions, as well.14,15 Although there is evidence that the
surfaces of porous carbons are highly defected and can
be terminated in carboxylate and hydroxyl groups,32,33

functionalities present in the linkers composing our MOF
templates, such groups are nevertheless bound to a
highly conjugated, graphite-like surface. This surface is
therefore quite different from the single phenyl rings
comprising the linkers of MOF-74(Mg) and Cu3(btc)2.
The reversibility of NaAlH4(Ti)@MOF-74(Mg) with

minimal capacity loss upon cycling indicates that the

TABLE 3. Positions of NMR Chemical Shifts (in ppm) of the Phases Detected in NaAlH4(Ti)@MOF-74(Mg) at Different

Stages of the Reaction

compound 23Na assignment 27Al assignment

pure NaAlH4 �9.6 NaAlH4 95.6 NaAlH4
infiltrated Ti-doped NaAlH4@MOF-74(Mg) �9.6 NaAlH4 95.2 NaAlH4
H2 desorbed Ti-doped NaAlH4@MOF-74(Mg) �9.6 unreacted NaAlH4 (60%) 1637 (88%) Al metal

18.2 NaH (40%) 95.6 (12%) unreacted NaAlH4
�43 (<1%) Na3AlH6

reabsorbed Ti-doped NaAlH4@MOF-74(Mg) �9.6 NaAlH4 1637 (20%) Al metal
95.2 (80%) NaAlH4
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chemical environment of the MOF-74 pore plays a
significant role in immobilizing NaAlH4 decomposition
products and/or the titanium catalyst, leading us to
draw comparisons with the behavior of NaAlH4 sup-
ported on carbon templates. The most direct com-
parison is with the work of Nielsen et al., in which
NaAlH4 was supported on MPC containing a Ti
catalyst.1 In this case, the reversibility was limited
(>50% capacity loss after 4 cycles), possibly due to
agglomeration of the Al and NaH decomposition pro-
ducts or loss of catalyst during thermal cycling. In
contrast, the presence of both positive and negatively
charged groups within the MOF-74 pore should stabi-
lize the hydride decomposition products and limit their
mobility. XRD patterns of the desorbed NaAlH4@MOF
samples show no evidence of crystalline Al, although
NMR shows that metallic aluminum is clearly present.
In contrast, XRD shows that infiltrating MPC1,16 and
carbon aerogel4 with NaAlH4 produces crystalline me-
tallic Al, which may serve as a nucleation site for product
formed during desorption. If formed, bulk aluminum can
reduce the reversibility of thematerial, as it requires high
H2 pressures for complete rehydrogenation.34 Recent
results by Xiong et al. on nano-NaAlH4 confined inside
Ti-loadedMPC16 seem to support this hypothesis, as bulk
Al was detected by XRD after both dehydrogenation and
rehydrogenation steps.
Similarly, the open Mg2+ coordination sites of MOF-

74(Mg) can coordinate to either TiClx through a chlor-
ine atom or to a titaniummetal cluster to reduce loss of
catalyst. Our results are not sufficient to determine the
stoichiometry of the catalyst within MOF-74(Mg), but
NMR evidence suggests that some loss of Cl occurs via
a metathesis reaction with the hydride to form NaCl
(Figure S7, Supporting Information). Thus, both TiClx and
(Ti)n clusters are possible. Extensive literature concern-
ing Ziegler�Natta catalysts shows that TiClx species
(including TiCl4) can be stabilized on four- and five-
coordinate Mg2þ ions located on the surface, edges,
and other defect sites of the typically used MgCl2
support.35 The very light catalyst loading in our materi-
als (∼0.6 wt %) may also contribute to greater reversi-
bility. Assuming the catalyst occupies an exchangeable
position at the framework Mg2þ and that there is no
more than one Ti atom per Mg2þ, then on average
there are no more than∼1 Ti atom per 50 Mg2þ. Since
six Mg2þ form a hexagonal ring in the MOF-74(Mg)
pore, this means that there is only one Ti atom every
eighth or ninth Mg6 hexagon. This large separation,
combined with potentially strong chemical bonding to
Mg, will likely inhibit Ti diffusion to a much greater
extent than in MPC.
As indicated by the BET data in Table 1, much of the

MOF pore volume must be occupied by NaAlH4 after
infiltration. It is therefore logical to expect that there
exist extended regions of the pores that are completely
filled by hydride. However, it is also possible that

NaAlH4 within the MOF-74(Mg) pores consists of clus-
ters having very few, if any, atoms that do not interact
with the pore surfaces. It is well-known that, at the
nanoscale, the thermodynamic properties of metal
hydride particles are influenced by their surface
energy.6,36 As noted in other nanoconfined cluster
systems, atoms in the interior of a cluster are more
highly coordinated and are therefore more stable
than those at the cluster surface.37 Although the
exact molecular-level decomposition mechanism of
the nanoclusters is difficult to determine, it is plausible
that the dehydrogenation products lie on or near the
molecular “surfaces” of the pores. In our previous in-
vestigation of NaAlH4 confined within the MOF Cu3-
(btc)2, the average hydride cluster was estimated to
have eight formula units.7 Clusters of this size can easily
fit within the pore volumedefinedby the van derWaals
radii38 in theMOF-74(Mg) pore, as seen in Figure 8. The
first-principles relaxed cluster geometry for (NaAlH4)8 is
a rectangular parallelepiped consisting of four stacked
square layers in which [AlH4]

� and Naþ are on oppos-
ing corners. Adjacent 2-formula unit layers are rotated
by 90� with respect to each other to allow the corner
charges to alternate in sign. (Details of the cluster
geometry may be found in ref 14, while more exten-
sive discussion of ionic nanocluster geometries may be
found elsewhere.39) Thus, for destabilized clusters
located on or near the pore surfaces, lower desorption
temperatures and reduced H2 rehydrogenation pres-
sures would be expected. Given the high loading
achieved here, it is possible that these clusters are
chemically linked in some way, creating a chain of
clusters within the 1-D channels of MOF-74(Mg). While
admittedly speculative, this explanation is consistent
with the highly accelerated H2 desorption kinetics that
are observed.
The extent to which these non-bulk-like properties

can be maintained will determine the extent of rever-
sibility. In our materials, a comparison of the XRD

Figure 8. Schematic representation of the (NaAlH4)8 clus-
ters inside the MOF-74(Mg) pores. The space inside the
sphere corresponds to the available space outside of mag-
nesium van der Waals radius (1.3 Å; see ref 38).
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patterns of the cycled NaAlH4(Ti)@MOF-74(Mg) with
as-synthesized MOF-74(Mg) shows virtually no differ-
ence in the long-range order of the frameworkmaterial
(Figure S5, Supporting Information). The cycled ma-
terial does show evidence in XRD of one or moreminor
crystalline phases. The most prominent peaks at 32.5,
32.9, and 33.6 2θ indicate a minor amount of Na3AlH6

(a fourth peak at 39.8� 2θ cannot be assigned), which is
consistent with the 27Al MAS results shown in Figure S6
(Supporting Information). This phase is also observed
upon aging the NaAlH4(Ti)@MOF-74(Mg) material
for 42 days at 190 �C under H2 pressure (Figure S8,
Supporting Information). Na3AlH6 could be formed by
decomposition of trace amounts of the hydride located
outside the MOF pores. Using the full width at half-
maximum (fwhm) of the two strongest Na3AlH6 peaks
in the XRD in Figure S8 (Supporting Information), an
average coherence length of 750 Å obtained from the
Debye�Scherrer equation is an approximate lower
bound on the particle size. This implies that the minor
Na3AlH6 phase is external to the pores of the MOF.

CONCLUSIONS

The results presented here show that both fast
desorption kinetics and an exceptionally high degree
of reversibility can be achieved by confining NaAlH4

within the well-ordered pores of a MOF template. This
performance is evidently the result of specific chemical
and structural features of the MOF template that are
distinct from others used to date. In particular, these
are (1) pore dimensions that allow a majority of the
hydride to be in close contact with the pore walls; (2)
open metal sites that can coordinate and stabilize the Ti
catalyst; and (3) both positive and negatively charged
atoms that can stabilize the decomposition products,
preventing diffusion and agglomeration. Using this
knowledge, it may be possible to design other templates
composed of economical materials (functionalized po-
rous carbons or metal oxide aerogels, for example) that
have high thermal stability as well as the pore volume
needed to achieve an acceptable hydride loading.

Regarding the question of which is the dominant
factor in determining the overall desorption behavior,
hydride nanocluster size or the chemical properties of
pore, our results support the concept that size and/or
the act of confining the hydride is the key. Our results
are fully consistent with our previous report of NaAlH4

confinedwithin Cu3(btc)2, a MOFwith very similar pore
dimensions and environment. Additionally, the trend
in H2 activation energy with pore size, defined by both
our results and those of previous investigators using
porous carbon templates,4�6 is maintained, as is the
one-step decomposition mechanism predicted by
theory14,15 and demonstrated using various nanopor-
ous templates.5�7,12 However, the best evidence to
date that particle size is the dominant factor is the
similarity of both mechanism and activation barrier for
H2 desorption fromnanoscale NaAlH4 across a range of
different support materials. If particle size is not the
dominant factor, then these similar results involving
diverse materials suggest that a rather nonspecific
interaction with pore walls is all that is necessary to
lower the desorption activation barrier. In our view, this
is encouraging because it should make it easier to
design porous materials with the desired features
listed above.
Finally, these results support the concept of a che-

mical “nanoreactor” as an important tool for altering
and controlling both kinetics and thermodynamics of
chemical processes. In many ways, MOFs are ideal for
this purpose, with their regular pore dimensions and
potential to be functionalized with chemical groups to
facilitate specific chemical reactions (a concept that
has been recently reviewed in the context of catalysis40).
We hope that this work will lay the groundwork for
future investigations that will allow identification of
more advanced porous nanoreactors to realize the full
potential of the reversible nanoconfinedmetal hydrides.
More broadly, we envision awide rangeof uses for these
structures to address important problems within the
emerging areas of nanostructured materials for energy
generation and storage.

METHODS

Synthesis and Activation of MOF-74(Mg). The MOF-74(Mg) material
studied in this work was synthesized from a solvothermal reac-
tion of 2,5-dihydroxyterephthalic acid (98%, from Aldrich) with
magnesium nitrate (99%, Aldrich) in a mixture of N,N-dimethyl-
formamide (DMF) (99%, Acros), absolute ethanol (99.5%, Aldrich),
and deionized water following a previously reported procedure.23

Mg(NO3)2 3 6H2O (0.712 g, 2.78 mmol) and 2,5-dihydroxyter-
ephthalic acid (0.167 g, 0.84 mmol) were dissolved under sonica-
tion in a 15:1:1 (v/v/v) mixture of DMF (67.5 mL), ethanol (4.5 mL),
and water (4.5 mL). The homogeneous solution was then trans-
ferred to a 125 mL Teflon-lined stainless steel autoclave. The
autoclave was capped tightly and heated to 125 �C in an oven.
After 26 h, the autoclave was removed from the oven and yellow
microcrystalline material was recovered and repeatedly washed
with DMF. The product was then soaked in DMF and heated to

85 �C for 16 h. The solvent was carefully decanted from the
product and replaced withmethanol. It is critical to fully exchange
the solvent with methanol prior to activation in order to achieve
high surface areas. Freshmethanol was used for solvent exchange
for six times over 3 days. The yellow precipitate was isolated by
filtration and washed thoroughly with methanol. The guest mol-
ecules incorporated in the crystalswere removedunder a dynamic
vacuum at 200 �C for 16 h, yielding a yellow crystalline material.

Hydride Melt Infiltration. TiCl4 and NaAlH4 were loaded into
the pores of MOF-74(Mg) using a two-step infiltration tech-
nique. First, the as-activated MOF-74(Mg) was infiltrated with
TiCl4 vapors for 16 h at 100 �C. Next, a mixture of NaAlH4 and
TiCl4@MOF-74(Mg) in a 1:4 weight ratio was ground together in
an Ar-filled glovebox. The material was then loaded and sealed
in a stainless steel autoclave. The sealed autoclave was evac-
uated and refilled to 25 MPa H2 to avoid the decomposition of
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NaAlH4 upon heating. Then, the autoclave was heated to 195 �C
and kept at that temperature for 2 h. During the process, NaAlH4

melts and infiltrates into the MOF-74(Mg) pores. The sample
was cooled to room temperature under hydrogen pressure to
minimize H2 desorption. The sample obtained after impregna-
tion will be referred to hereafter as NaAlH4(Ti)@MOF-74(Mg).
Elemental analysis of the NaAlH4(Ti)@MOF-74(Mg) sample in-
dicated a 21% (m/m) NaAlH4 loading, while the total titanium
content in the nanocomposite was 0.58 wt %. This corresponds
to 3.1 mol % titanium doping of the hydride.

Hydrogen Desorption and Hydride Regeneration. We used thermal
gravimetry/mass spectroscopy analysis (TGA-MS) to analyze the
evolved gas species upon heating. The hydride@MOF samples
were analyzed on a Mettler Toledo TGA system coupled to a
Pfeiffer mass spectrometer under a continuous flow of ultrahigh
purity Ar to avoid oxidation during the runs. Samples were
heated from ambient temperature to 500 �C at a heating rate of
5 �C/min. The mass spectra of the evolved species were
measured in the m/z range of 1 to 200 mass units. The extent
of pore fillingwas determined by nitrogen physisorption using a
Quadrasorb SI surface area analyzer (Quantachrome). Powder
X-ray diffraction (XRD) patterns were collected with a PANaly-
tical Empyrean diffractometer equipped with a PIXcel3D detec-
tor and operated at 45 kV and 40 kA using Cu KR radiation (λ =
1.5418 Å). Scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) were performed on a JSM-7600F
thermal emission scanning electron microscope equipped with
an Oxford X-Max detector and operated at 15 kV. Attenuated
total reflectance infrared spectra were recorded using a Varian
800 FTIR spectrometer.

The dehydrogenation kinetics experiments were performed
using an automated PCT-Pro 2000 apparatus, which allows
accurate volumetric determination of the amounts of evolved
hydrogen by desorbing into an evacuated calibrated volume.
The pressure was monitored with calibrated pressure transdu-
cers while the sample was heated and maintained at the desired
temperature. Typically, a 0.6 g sample was loaded into a stainless
steel autoclave and evacuated. Rapid heating of the sample to a
desired temperature was accomplished by wrapping the auto-
clave in a preheated mantle. All of the dehydrogenation experi-
ments were performed in evacuated volumes, the pressure
ranging typically between 0 and a maximum of 0.1 MPa. For
rehydrogenation, sampleswere heated to 160 �C under 10.5MPa
H2 pressure for 2 h. For the purpose of calculations, the MOF-
74(Mg) masses were excluded from the determination of the
hydrogen amount released from the samples.

All MAS NMR spectra were obtained on a Bruker Avance III
600 instrument operating at 600.13, 156.38, and 158.75MHz, for
1H, 27Al, and 23Na, respectively. Approximately, 10mg of sample
was used in a 2.5mmbroad-bandMASNMR probe at a spinning
speed of 30 kHz under N2. The samples were run at a set
temperature of 298 K, corresponding to a sample temperature
of 332 K due to frictional heating from the high-speed spinning.
This frictional heating was calibrated previously using the che-
mical shift variation of Pb(NO3)2 as an internal thermometer. The
1H MAS NMR spectra were obtained using a rotor-synchronized
Hahn echo, while the 27Al and 23Na MAS NMR spectra utilized a
single pulse Bloch decay, with 1H TMMPdecoupling. The 27Al and
23Na experiments used aπ/6 excitation pulse (83 kHz rf excitation
strength) to improve quantification. The 1H NMR chemical shifts
were referenced to the external secondary reference adaman-
tane δ = þ1.38 ppm with respect to TMS δ = 0.0 ppm, while the
27Al NMR chemical shifts where referenced to external 1 M
Al(NO3)3, δ = 0.0 ppm, and the 23Na NMR chemical shift refer-
enced to external 1MNaCl, δ= 0.0 ppm. Spectral deconvolutions
were performed using the DMFIT software package.41
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