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ABSTRACT

NaAlH, was melt infiltrated within a CO, activated carbon aerogel, which had been pre-
loaded with TiCls. Nanoconfinement was verified by Small Angle X-Ray Scattering (SAXS)
and the nature of the Ti was investigated with Anomalous SAXS (ASAXS) and X-Ray Ab-
sorption Near Edge Structure (XANES) to determine its size and chemical state. The Ti is
found to be in a similar state to that found in the bulk Ti-doped NaAlH, system where it
exists as Al; ,Tix nanoalloys. Crystalline phases exist within the carbon aerogel pores,
which are analysed by in-situ Powder X-Ray Diffraction (PXD) during hydrogen cycling. The
in-situ data reveals that the hydrogen release from NaAlH, and its hydrogen uptake occurs
through the Nas;AlHg intermediate when confined at this size scale. The hydrogen capacity
from the nanoconfined NaAlH, is found to initially be much higher in this CO, activated
aerogel compared with previous studies into unactivated aerogels.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

strongly fluctuate over time and geography. The most difficult
challenge appears to be the development of efficient and
reliable long-term energy storage, over days, weeks and

Despite the extreme and exponentially increasing human
energy consumption there is plenty of renewable energy
available to us, but unfortunately these energy sources
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months [1]. Hydrogen is an excellent energy storage medium,
with the highest gravimetric energy storage density. The low
volumetric energy storage density of hydrogen gas can be
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greatly improved through its storage in a solid-state hydride.
To date, NaAlH, is one of the most promising hydrogen stor-
age compounds from a commercial stand point due to its low
cost, moderate operating temperature and practical operating
pressures. As such, ongoing research is focused on optimizing
large scale NaAlH, tanks for energy storage applications [2,3].
It is well known that NaAlH, decomposes, releasing hydrogen
in 3 steps:

3NaAlH, 5 NasAlHg + 2A1 + 3H, ;3.70 wt.%H (1)
Na;AlHe S 3NaH + Al + 3/, H, ;1.85 wt.%H )
NaHsNa + 12H, ;1.85 wt.%H 3)

The first two steps release 5.6 wt.% H at moderate tem-
peratures, whilst the third step is not usually utilised due to its
high temperature requirements (~400 °C). Fast and low tem-
perature hydrogen release and absorption was first realised in
1997 [4] through the addition of a TiCl; additive. This seminal
research initiated a plethora of experimental and theoretical
studies into the catalytic mechanism of low temperature
hydrogen release and uptake in NaAlH,. The mechanism was
only recently determined through a series of detailed and
focussed experimental studies into doped NaAlH, [5—11]. The
TiCl; is reduced by NaAlH,, forming NaCl, Al, and a selection
of Al; ,Ti, nanoalloys on the surface of the NaAlH, crystallites
[5]. These Al-Tinanoparticles provide dissociation sites for H,
gas, increasing the kinetics of hydrogen absorption into
decomposed NaAlH, [9]. The same Al-Ti nanoparticles can
also influence the Al-H bonding to enable low temperature
hydrogen release [9]. This bifunctional mechanism is the key
to fast absorption and desorption kinetics in the NaAlH, sys-
tem. The functionality of the Al-Ti nanoparticles is highly
dependent on the morphology of the sample, where the Al-Ti
must be in close contact with the NaAlH, whilst being acces-
sible to H, gas [9]. This intimate contact may be manufactured
and maintained through the process of nanoconfinement.

Nanoconfinement involves the incorporation of a com-
pound within a porous framework. The framework controls
the particle size of an incorporated compound by its pore size
and also restricts long-range phase segregation during
hydrogen release and uptake [12,13]. The importance of the
CO, activation process in carbon aerogel synthesis was
recently highlighted in regard to its advantages for nano-
confinement [14]. The CO, activation process reduced oxygen
impurities from the scaffold whilst increasing the surface
area. This means that the aerogel scaffold is less reactive to-
wards oxygen-sensitive materials, allowing improved
hydrogen capacity and better reversibility of nanoconfined
hydrides. The reduction of functional groups from carbon
aerogel during heat treatment and CO, activation is well
known [15]. However, depending on synthesis conditions,
some functional groups can still remain in the carbon aerogel
after heat treatment to 1050 °C [16]. The cyclic stability of
nanoconfined hydrides is not only related to the inertness of
the scaffold. Significant levels of degradation in nanoconfined
NaAlH, were recently observed [17] due to expulsion of reac-
tion products from the scaffold under vacuum at high tem-
peratures. However, this study relates to nanoconfinement

within an ordered mesoporous carbon, and the effect of pore
ordering on confinement permanency is not yet known.

The investigation into nanoconfined TiCl; doped NaAlH,
was recently conducted [18], demonstrating that it provided
faster rates of hydrogen evolution than undoped nano-
confined NaAlH,. However, in this study the carbon aerogel
was not CO, activated during synthesis, leading to a low aer-
ogel surface area (735 m?%/g) and a high likelihood of reactive
functional groups in the scaffold. In fact, there is a significant
proportion of Al present after NaAlH, infiltration, indicating a
reaction with the scaffold. This is further supported by the low
hydrogen capacity achievable, only 2.9 wt.% H instead of the
expected >5 wt.% H.

In the current study we aim to infiltrate TiCl; doped NaAlH,
into a CO, activated carbon aerogel, limiting the degree of
scaffold reactivity. We aim to investigate the cyclic stability of
nanoconfined Ti-doped NaAlH, and also determine informa-
tion about the state of the Ti-based additive in the nano-
confined system.

Material and methods
Aerogel synthesis

Carbon aerogel (CA) was synthesized according to a well-
known method [19] from a resorcinol-formaldehyde
pathway using a sodium carbonate catalyst. The reagents,
resorcinol (41.791 g), formaldehyde (56.9 mlL), and Na,COs
(0.034 g) were stirred in water (56.6 mL) for 2 h. The mixture
was then aged at room temperature for 24 h, 50 °C for 24 h, and
then 90 °C for 72 h. The gels were then washed with acetone 3
times and dried in air overnight at room temperature. Next,
the gels were pyrolysed under flowing nitrogen (50 mL/min) by
heating from room temperature to 840 °C at 2.6 °C/min,
holding for 6 h, and then cooling back to room temperature at
15 °C/min.

Activation of the aerogels was performed using CO, treat-
ment to increase the total pore volume and surface area [15].
The aerogels were activated under flowing CO, (50 mL/min)
during heating from room temperature to 920 or 940 °C,
holding for 5.5 h, and then cooling back to room temperature
at 15 °C/min.

Three different aerogels were synthesized as shown in
Table 1.

After synthesis, all aerogels were degassed by heating to
400 °C under dynamic vacuum for several hours to remove
traces of air and moisture from the porous framework. The
degassed aerogels were then transferred into an argon

Table 1 — CO, activation parameters for as-synthesised
samples.

Name CO,

Activation temperature Material loss

activated (°Q) (%)
X No = =
XAl Yes 920 39.9
XA2 Yes 940 45.6
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glovebox without air exposure. All further sample handling
was performed under argon.

TiCls infiltration

Each aerogel sample was infiltrated with TiCl; as a hydrogen
uptake/release catalyst for NaAlH,. A quantitative solution of
TiCl; in acetone was prepared under argon and added to each
aerogel followed by stirring for 2 h at 30 °C. The acetone was
then removed via evacuation into a Schleck line at room
temperature for 2 h followed by 16 h at 190 °C. The mass of
each sample was measured before and after TiCl; infiltration
to determine the loading, as shown in Table 2.

NaAlH, melt infiltration

NaAlH, was infiltrated into the TiCl;-doped carbon aerogels
using a known melt infiltration technique [18]. Mixtures of the
NaAlH, and CA were loaded into a high pressure autoclave
under ~200 bar of hydrogen. The autoclave was then heated
from room temperature to 189 °C at 2 °C/min before holding
for 15 min and then cooling back to room temperature. The
aerogels were loaded with 40—50 wt.% NaAlH, as shown in
Table 2. It should be noted that a high hydrogen pressure was
used during melt infiltration to prevent decomposition of the
NaAlH,. At 189 °C the equilibrium pressure for NaAlH, is
143 bar, based on its thermodynamics [20].

A sample was also prepared by ballmilling XA1-Ti with
75.1 wt.% NaAlH, on a Fritsch Pulverisette 4 using WC vials
and balls for 30 min at 250 rpm with 2 min on/off cycles.

Characterization

Nitrogen sorption was performed on a Nova 2200e surface
area and pore size analyser from Quantachrome Instruments.
The surface area was calculated wusing the Bru-
nauer—Emmett—Teller (BET) method. Hydrogen-based Sie-
verts measurements were performed on a PCTPro-2000
(Setaram). Hydrogen cycled samples were cycled twice.
Desorption cycles were conducted in an evacuated volume by
performinga 2 °C/min ramp to 100 °C, holding for 4 h, followed
by a 2 °C/min ramp to 220 °C, holding for 10 h. Absorption
cycles were performed under 100 bar H, during a thermal
ramp from room temperature to 160 °C at 1 °C/min, holding for
10 h.

Laboratory powder X-ray diffraction (PXD) data were
collected with a Rigaku diffractometer using Cu Ko radiation,
corresponding to a wavelength of 1.544 A. Synchrotron in-situ
powder X-ray diffraction (SR-PXD) experiments were

Table 2 — TiCl; and NaAlH, infiltration details for each
aerogel.

Scaffold  TiCls infiltration NaAlH, infiltration

Name Name TiCl; loading Name NaAlH, loading
(Wt.%) (Wt.%)

X X-Ti 7.4 X-Ti-Na 39.9

XAl XA1-Ti 8.4 XA1-Ti-Na 49.9

XA2 XA2-Ti 8.0 XA2-Ti-Na 50.1

conducted at 1711 beamline at MAXLab, Sweden using a
wavelength of 1.009816 A and 30 s exposure times. Samples
for in-situ studies were packed in 0.79 mm inner diameter
sapphire tubes (Al,03) and were heated at a controlled rate
using a Ni—Cr element heater on custom apparatus [21].

Small angle X-ray scattering (SAXS) was performed on the
high brilliance SAS/USAXS beamline BW4 in Hasylab at the
Deutsches Elektronen-Synchrotron (DESY), Hamburg, Ger-
many. The beamline was equipped with a MAR CCD detector
and the measurements were carried out at two distances
(1.8 m and 8 m), respectively, so that the maximum accessible
range of scattering vector is covered, where q = (4x/2)sind, A
and 26 being the incident wavelength of the photons and the
scattering angle of the photons, respectively. The applied
wavelength was set to 1.38 A (8.98 keV). All samples were
sealed between Kapton tape in a sample holder with a circular
window of 10 mm. The exposure time of the samples was set
to 180 s, which gave good signal to noise ratios for all samples.

Anomalous Small angle X-ray scattering (ASAXS) was
performed on the 7T-MPW-SAXS beamline in BESSY at the
Helmholtz-Zentrum Berlin (HZB), Germany [22]. The beamline
was equipped with a multi-wire proportional counter gas
detector and the beamline has with an energy resolution of
AE/E ~ 2 x 10~*. In order to separate the resonant scattering of
Ti-containing nanostructures, all measurements were carried
out at four energies (4600 eV, 4905 eV, 4955 eV, 4964 eV) near
but below the K absorption-edge of titanium. Furthermore, all
measurements were performed at two sample-to-detector
distances (0.7 m and 3.345 m) to cover the maximum
possible experimental g-range. All samples were sealed be-
tween Kapton tape in a sample holder of thin molybdenum
sheet with a circular window of 3 mm. Separation of the so
called resonant scattering curves were achieved by using the
separation method developed by Stuhrmann [23—-25].

X-ray absorption near edge structure (XANES) was per-
formed on the Al beamline in Hasylab at the DESY. The
samples were mixed with boron nitride and pressed into
pellets of 10 mm in diameter. The pellets were enclosed be-
tween Kapton tape. The measurements were collected in
transmission mode around the K absorption edge of titanium
(4.9664 keV). The step width was chosen to be 2 eV and for
each sample three XANES-spectra were recorded and their
average was used. All references for titanium in different
oxidation states were measured immediately after the sam-
ples on the same setup.

It should be mentioned that SAXS, ASAXS and XANES re-
sults refer to samples prepared from unactivated (lower sur-
face area) aerogels, whereas PXD and hydrogen
measurements were performed on activated aerogel samples.
The prime difference between activated and unactivated
aerogels is the surface area and pore size.

Results and discussion
Nature of nanoconfined Ti-doped NaAlH,
Nitrogen sorption was performed on the as-synthesized car-

bon aerogels before infiltration as shown in Table 3. The aer-
ogel that was not activated with CO, (X) had a surface area of
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Table 3 — Nitrogen sorption results from as-synthesised
carbon aerogels.

Aerogel Surface area Micropore Total pore
(12 m%g) volume volume
(+0.02 mL/g) (+£0.02 mL/g)
X 910 0.28 1.21
XAl 1670 0.51 1.84
XA2 1830 0.55 2.03

912 m%g, larger than expected based on the synthesis method
(700 m?%/g [26]). However, the total pore volume is 1.21 mL/g,
somewhat lower than the volume observed previously,
1.3 mL/g. After CO, activation the surface area is dramatically
increased (XAl and XA2) as expected, providing a greater pore
volume for infiltration.

PXD was performed on the carbon aerogels after the infil-
tration of TiCl; and NaAlH, to assess the crystallinity of the
infiltrated compounds, as shown in Fig. 1. Directly after infil-
tration the PXD identifies crystalline NaAlH,, Al, and TiCls.
The presence of crystalline compounds after nanoconfine-
ment matches previous work with similar aerogels [26].
However, other studies have shown the quenching of all X-ray
diffraction peaks from NaAlH, after nanoconfinement in
10 nm pores of ordered mesoporous silica [27]. The presence of
TiCl; in PXD indicates that it is not completely reduced by
NaAlH, during infiltration. However, it is no longer present
after hydrogen cycling. The presence of Al after infiltration
indicates the decomposition of NaAlH,, but without crystal-
line NaH or NasAlHg being present it is likely that some Na has

—— XA2-Ti-Na

—— XA2-Ti-Na cycled
NaAlH,

NasAlHg
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TiCly
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Fig. 1 — XRD data for XA2-Ti-Na and XA2-Ti-Na hydrogen
cycled once, A = 1.544 A.

been lost due to reactivity with the scaffold, forming un-
wanted amorphous by-products. This is also the case in other
studies [18], where large quantities of crystalline Al are pre-
sent after infiltration. Interestingly, no NaCl is detectable in
the PXD after hydrogen cycling, even though the TiCl; is no
longer present. It is likely that the NaCl is highly nanoscopic,
which would result in very broad diffraction peaks that are
difficult to detect.

An important question regarding nanoconfinement is
whether the compound is actually nanoconfined within the
pore network, or simply on the surface of the framework.
Detecting whether a compound is nanoconfined within the
small pores of a framework is very difficult using electron
microscopy. Transmission electron microscopy (TEM) can be
used to image the pore network and energy dispersive spec-
troscopy (EDS) can be used to determine the presence of an
infiltrated compound. However, it is hard to prove that the
compound is in the pores, rather than on the surface of the
framework. A recent study into LiBH;—Ca(BH,4), composites in
porous carbon [28] was able to definitively prove that the
compound was infiltrated, primarily because the scaffold was
an ordered mesoporous carbon. Performing EDS in a step-wise
fashion across the ordered pores and framework demon-
strated Ca-rich areas within the pores. This technique is not
possible with carbon aerogel because of its fractal-like pore
network. However, small angle X-ray scattering (SAXS) is a
very useful technique for detecting whether a porous scaffold
has been infiltrated by another material [17,29]. Changes in
the electron density within the pores are detected by SAXS,
providing direct proof of nano-infiltration.

SAXS was performed on infiltrated carbon aerogels at an X-
ray energy of 8.98 keV to investigate NaAlH, loading, as shown
in Fig. 2. A pronounced Guinier shoulder is visible at 2 nm* for
X—Ti prior to NaAlH, infiltration. The Guinier region occurs
because of the electron density difference between the pores
(mostly empty) and the carbon scaffold. SAXS data were fit
using the unified model [30,31] due to its versatility in fitting a
range of different structural features simultaneously. The
unified model combines models of Guinier and power law
features, which can provide structural information about CA
pore sizes and surfaces (see Table 4). The unified fitting results
for X—Ti show the presence of 2.8 nm pores (assuming they
are spherical), which have slightly rough surfaces. Surface
roughness is given by the high-q power law slope, where a
slope of 3 indicates an incredibly rough surface and 4 indicates
a smooth surface [32]. Upon NaAlH, infiltration the Guinier
region is quenched (less prominent). This result is proof that
NaAlH, infiltration is successful, because it indicates a change
in the electron density within the pores [29]. The presence of
NaAlH, creates a smaller electron density difference between
the pores and the scaffold, lowering the scattering contrast.
For empty pores the scattering contrast (Ap)? for CA is
2.88 x 10?2 cm* but if the pores are fully loaded with NaAlH,
then the scattering contrast drops to 0.37 x 10*?> cm™*. This
means that upon loading the scattering from the pores can be
reduced ~10-fold, which is seen by the reduction in the in-
tensity of the Guinier in Fig. 2.

The unified fit provides larger pore sizes after NaAlH,
infiltration (4.3 nm instead of 2.8 nm). This can be explained
by the presence of a pore size distribution in the sample. If the

Please cite this article in press as: Paskevicius M, et al., Cyclic stability and structure of nanoconfined Ti-doped NaAlH,, International
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2015.12.185



http://dx.doi.org/10.1016/j.ijhydene.2015.12.185
http://dx.doi.org/10.1016/j.ijhydene.2015.12.185

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (QOT6> I—9 5

5 1 o vl 1 ool 1

10° 3 E

= ¢ X-Ti o

] O X-Ti-Na C

. 7 X-Ti-Na-cycl|

10° 3

10° = E

0 ] -

C - L
g 2

5 103 3

5 ] -

$ - -
> 1

2 10" 3 3

C m -

Q - -

< ] C

10” 3 3

10" o 3

10 - T T T T 7T llll T T T T 17T lll l_

2 3 4 567 2 3 4 5867 2
1 10
-
q(m’)

Fig. 2 — SAXS data for X—Ti, X-Ti-Na, and X-Ti-Na-cycled.
Fitted curves are shown as solid lines.

smaller pores are filled more easily, then their scattering
contrast is diminished. This would lead to a bias in the scat-
tering observed from larger unfilled pores. This effect is more
pronounced after cycling (6.4 nm), butis an indication that the
NaAlH, and its decomposition products are still nano-
confined. This sample experienced low pressure during
desorption, but was not under active vacuum. Previous
studies have demonstrated that NaAlH, reaction products can
be removed from the pores during hydrogen desorption under
active vacuum [17].

There is a discrepancy between the NaAlH, average crys-
tallite size from PXD (48 nm) and the average pore size from
SAXS (2.8—6.4 nm). The SAXS results do give direct proof of
NaAlH, infiltration into the carbon aerogel pores, however
PXD indicated that much larger NaAlH, particles are also
present in the sample. There are two main possibilities: 1) The
NaAlH, is only partially infiltrated, with some NaAlH, in pores
and some on the surface of the carbon aerogel, or 2) The

Table 4 — SAXS and ASAXS-Ti unified fit details for each
aerogel.

X  X-Ti- X-Ti-Na-
—Ti Na cycled

SAXS Low-q power law slope 3.7 3.5 35
Radius of gyration (nm) 1.1 1.7 2.5

Diameter (nm) 2.8 4.3 6.4

High-q power law slope 3.8 3.4 3.5

ASAXS- Radius of gyration (nm) 0.9 1.0 1.1
Ti Diameter (nm) 2.4 2.6 2.9
High-q power law slope 4.0 3.6 3.4

carbon aerogel also has larger pores that are filled with bigger
NaAlH, particles, which are detectable by XRD, but on the
limit of the SAXS studies.

Anomalous small angle X-ray scattering (ASAXS) was uti-
lized to investigate the structure of the titanium-bearing
compounds in the as-infiltrated sample, after NaAlH,
loading and after hydrogen cycling, as shown in Fig. 3. Each
resonant scattering pattern displays a characteristic Guinier
shoulder, demonstrating that Tiis presentin the form of small
particles in all samples. The unified model was also used to fit
the ASAXS data, where fitting results are provided in Table 4.
The Ti compounds are present as 2.4 nm particles in the TiCls
loaded CA, close to the average pore size of the aerogel after
TiCl; loading (2.8 nm). This means that, on average, the TiCl;
tends to mostly fill certain pores within the CA (average par-
ticle size is close to average pore size). The particle size of the
Ti-compound(s) does not greatly change upon NaAlH, addi-
tion or thermal cycling. Therefore, even when TiCl; reacts
with NaAlHy, as is thermodynamically favourable, its particle
size does not greatly change. This is likely due to the fact that
it is nanoconfined and unable to grow further, which is con-
trary to unconfined systems [33—37]. However, the surface of
the Ti compounds does change after NaAlH, addition and
after thermal cycling. The high-q power law slope approaches
3, indicating rougher surfaces on the Ti-bearing particles.

Further information can be gained about the nature of the
Ti in the nanoconfined sample by performing X-ray absorp-
tion near edge structure (XANES) measurements to probe the
chemical bonding information from Ti. Fig. 4 displays the Ti
absorption edge for nanoconfined samples and a range of

. O XTi .
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Fig. 3 — ASAXS results (Ti K edge) of samples X—Ti, X-Ti-
Na, and X-Ti-Na-cycl. The extracted resonant scattering
curves are shown. Fitted curves are shown as solid lines.
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Fig. 4 — XANES measurements of samples X—Ti, X-Ti-Na,
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standard Ti-containing materials. XANES has previously been
applied to the bulk Ti-doped NaAlH, system [38]. These results
indicated that the Ti valence was zero, without change after
hydrogen cycling. In this case, qualitative comparisons of the
Ti edge structure suggested that Ti was present in the form of
amorphous Al;Ti. Since this study was performed we now
know that the Ti is most likely in the form of Al, ,Ti, amor-
phous alloy nanoparticles [5], which also correlates well with
the XANES data for the bulk system.

The XANES results for the nanoconfined system are pro-
vided in Fig. 4. The NaAlH, infiltrated sample has a very
similar Ti edge structure before and after hydrogen cycling,
indicating that the Ti containing phase(s) does not signifi-
cantly change over 2 cycles. The NaAlH, infiltrated samples do
differ from the aerogel that has only been TiCl; loaded (X—Ti).
After the initial TiCl; loading the Ti edge resembles that of the
pure TiCl; standard, but there is a more pronounced peak at
5000 eV, which also appears in the Ti,O3 standard. This could
indicate a minor reaction between the chloride and oxygen in
the carbon aerogel scaffold as it is possible that the scaffold
still contains minor oxygen impurities. The 5000 eV feature is
less pronounced in the NaAlH, infiltrated sample (X-Ti-Na)
and absent after hydrogen cycling. This may indicate the
reduction of the oxide by NaAlH,. The strong peak at 4990 eV
in the NaAlH, loaded samples matches closely with the Al,Ti
standard, however the lower edge structure appears more

similar to the TiCl; standard. It is possible that some of the
TiCl; is still present in the scaffold in a nanocrystalline state,
isolated from NaAlH, and unable to react. This would mean
that Tiis present in multiple valences in different compounds,
making the XANES analysis more complicated due to a
convolution of Ti edge structures. However, these results do
indicate that the reacted Ti is in the form of an Al-Ti alloy, in
line with whatis observed in the bulk system. This means that
the same catalytic mechanism for hydrogen absorption and
release can be expected, but the nanoconfinement restricts
the NaAlH, particle size and hence limits phase segregation of
reaction products upon cycling.

Hydrogen cycling behaviour

Hydrogen desorption and absorption cycles were performed
(Fig. 5) on the nanoconfined Ti-doped NaAlH, (XA2-Ti-Na)
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Fig. 5 — Hydrogen release from nanoconfined and
ballmilled samples. The wt.% H is relative to the NaAlH,
content in the samples. Reabsorption was performed at
160 °C under 140 bar H,. Hydrogen release profiles are
provided for the first 3 desorption cycles.
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along with a reference sample, where XA1-Ti was ball milled
with 75 wt.% NaAlH,. The reference sample was assessed to
compare the hydrogen kinetics and cycling capacity between
a nanoconfined sample and an intimate mixture of the com-
pounds. Hydrogen desorption was studied during two tem-
perature steps at 100 °C and 220 °C, where a maximum
hydrogen capacity of ~5.5 wt.% H was expected, with no
decomposition expected from NaH. However, it is possible
that NaH could desorb hydrogen at these low temperatures as
previous research has shown vastly increased desorption ki-
netics from NaH in intimate contact with nanoporous carbon
[39]. Desorption was undertaken by releasing gas into an
evacuated volume, whereas absorption was performed under
140 bar of H, at 160 °C for 10 h.

As shown in Fig. 5, the nanoconfined sample displays rapid
desorption kinetics and reaches 90% of the expected
maximum capacity (4.8 wt.% H) in the first cycle. A slight
degradation in kinetics can be observed in further cycles at
100 °C by reductions in the slope of the hydrogen release
profile. In addition, further drops in the maximum capacity
are also observed, where only 4 wt.% H is released on the third
cycle. The drop in capacity is not as large as previously
observed [18], possibly due to the reduced oxygen content in
the CO, activated aerogels used in the present study. The
observed maximum capacity herein is also much closer to the
theoretical maximum, 90% instead of ~50% in this previous
study [18]. The capacity loss observed during cycling could be
due to reactions between the NaAlH, and the scaffold or could
be due to nanoconfinement degradation. A recent study
demonstrated that NaAlH, or its byproducts can be extracted
from the scaffold during high temperature decomposition
[17]. The melting point of NaAlH, is 182 °C [40] and if low
external pressures or high internal pressures within the
scaffold are experienced, then the NaAlH, could be extracted
in the molten phase before decomposition has begun. The
extraction of NaAlH, from the scaffold could reduce its con-
tact with catalytic Al-Ti particles and it may also result in
phase segregation.

The kinetic behaviour of hydrogen release from the ball
milled sample at 100 °C are initially much slower than those
for the nanoconfined sample (blue curves (in the web version)
in Fig. 5). The ball milling treatment should have intimately
mixed the NaAlH, and TiCls, resulting in a reduction reaction
and the formation of NaCl and Al-Ti nanoparticles. The
presence of carbon and minor levels of oxygen are not usually
presentin the preparation of bulk samples of NaAlH, and they
may influence the surface morphology of the NaAlH, parti-
cles, which has been shown to be vital to the hydrogen ki-
netics [9]. A more pronounced degradation in the maximum
hydrogen capacity is observed in the ball milled sample
compared to the nanoconfined sample (1.6 wt.% H instead of
0.8 wt.% H). This is somewhat unexpected as the cyclic ca-
pacity of bulk Ti-doped NaAlH, is very stable [41]. Although,
poor cyclability has also been previously observed in samples
ball milled with carbon aerogel [18]. Poor cyclability indicates
either phase segregation (kinetically limiting further re-
actions) or adverse reactions between the NaAlH, and the
scaffold (consuming reaction products). Nanoconfinement
should restrict phase segregation, thus making the reactivity
between NaAlH, and the scaffold most likely. However, the

presence of carbon can be beneficial to hydrogenation and
dehydrogenation from NaAlH,. A study into bulk mixtures of
NaAlH, with turbostratic carbon (planar structure) indicated
the presence of Na intercalation of the carbon, which could
aid hydrogenation reactions with altered thermodynamics
[39].

In order to better understand how the system behaves
during hydrogen cycling, in-situ SR-PXD data were collected
during desorption and adsorption cycles of nanoconfined Ti-
doped NaAlH, (XA1-Ti-Na). The sample was heated from
room temperature to 110 °C and kept at a fixed temperature
throughout hydrogen cycling. The pressure was cycled be-
tween 140 bar and vacuum every 15 min after the desired
temperature was reached. There is a very noticeable increase
in the scattering background at ~16.5° 26, at d = 3.5 A when
hydrogen pressure is applied. The hump in the background
(dark region in Fig. 6) then disappears upon evacuation of the
system. The d-spacing of this hump matches that of the (00 2)
reflection of amorphous carbon [42], but it is unclear as to why
this feature would become so prominent under high gas
pressure. This hump in the scattering background is also
centred about the (0 1 2) position for Al,O; (sapphire) at
d = 3.48 A. It is possible that the gas pressure introduces an
amorphous section of the sapphire capillary into the X-ray
beam, generating a large hump in the background.

140 bar
140 bar ' ‘

= i H
140 bar i ‘

£
NaAlH,
NasAlHg
NaH
Al

110°C

4<co0d

140 bar

30°C

10 %5 20 25 30 35 40
26 (°)

Fig. 6 — In situ SR-PXD data, A = 1.0098 A, showing
desorption and absorption cycles of melt infiltrated NaAlH,
in activated aerogel (XA1-Ti-Na). The hydrogen pressure is
cycled between 140 bar and vacuum multiple times after
the sample is heated from room temperature to 110 °C.
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Initially the sample is predominantly NaAlH, with some
NasAlHg and Al. No NaH can be observed nor can NaCl, the
expected reaction byproduct from TiCl; doping. However,
there is a strong overlap between the diffraction peaks of NaCl
and the other phases present, so NaCl would be difficult to
discern from this medium resolution diffraction data. Inter-
estingly we also observe that initially there is unreacted
Na3zAlHg and Al, which does not react even under 140 bar at
100 °C. This phenomena is well known in the bulk Ti-doped
NaAlH, system [43] where Al, ,Ti, phases can trap Al and
prevent it from reacting with NazAlHe. In the bulk system,
excess Al can be added to provide enough Al for the reaction to
go to completion, eliminating dead-weight NasAlHg and
allowing for the complete rehydrogenation of NaAlH,. The
addition of excess Al within a nanoconfined system is not
currently feasible.

Upon evacuation, the NaAlH, diffraction peaks disappear
and a rapid transition through the NazAlHg intermediate is
observed, followed by the formation of NaH and more Al
Rehydrogenation under 140 bar also proceeds through the
NasAlHg intermediate. The second hydrogen absorption cycle
regenerates NaAlH,, but the diffraction peaks are less intense
than before cycling began. This is an indication of hydrogen
capacity loss in the system, which is less noticeable in further
cycles.

Some studies into the nanoconfinement of NaAlH, have
reported changes in the thermodynamics of the decomposi-
tion reaction pathway [44,45] from pressure-composition
studies. The results indicate that the NaszAlHg compound is
not formed under its normally observed pressure and tem-
perature conditions. However, we still observe NasAlHg as an
intermediate product in our in-situ study. It is likely that the
thermodynamic changes are only observed for nanoconfine-
ment in very small pores when long range crystalline order is
no longer possible and X-ray diffraction can no longer detect
the nanoconfined products.

Conclusions

Nanoconfinement has been a promising technique to enhance
the properties of hydrogen storage materials for almost a
decade. Although many studies have been performed on
NaAlH,, the mechanism of kinetic enhancement during
nanoconfinement is still barely understood. This study has
aimed to investigate the cyclic stability of nanoconfined Ti-
doped NaAlH, and also determine information about the state
of the Ti-based additive in the nanoconfined system. The
hydrogen capacity from nanoconfined NaAlH, is found to be
much higher in this CO, activated aerogel compared with pre-
vious studies into unactivated aerogels. The presence of high
levels of residual O-containing surface groups in unactivated
aerogels is likely detrimental towards reactive NaAlH, and a
major factor in reducing the hydrogen capacity of nano-
confined hydrides. However, there is polydispersity in the
NaAlH, particle size, given by differences between PXD and
SAXS results. This polydispersity could mean that the NaAlH,
infiltration was only partial, or that it is spread across a large
range of pore sizes. Larger NaAlH, particles will act like bulk
NaAlH4, also causing bulk-like hydrogen desorption properties.

The combination of analytical techniques has shown a
number of new insights into the behaviour and structural
nature of this system. Of particular importance in under-
standing catalysed NaAlH,, the Ti is found to be in a similar
state to that found in the bulk Ti-doped NaAlH, system where
it exists as Al;_,Tiy nanoalloys. These alloys do not greatly
change structure during hydrogen cycling, maintaining a
consistent particle size. Nanoconfinement is confirmed and
tracked using SAXS showing that the NaAlH, remains
confined during hydrogen cycling. The positive results found
using SAXS and ASAXS demonstrate that these techniques are
vital tools in probing nanoconfined systems.
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