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This  work  compares  the  initial  desorption  and  hydrogen  cycling  kinetics  of  NaAlH4 melt  infused  into
carbon  aerogel  with  NaAlH4–carbon  aerogel  composite  synthesized  by ball milling. Samples  having
comparable  carbon  content  (47.4  wt%)  prepared  by  either  method  yield  virtually  identical  desorption
and  cycling  behavior.  Furthermore,  the  ball milled  material  can  be  made  with  lower  carbon  content  and
still  maintain  only  slightly  reduced  kinetic  improvements.  Surprisingly,  there  is  no evidence  for  mixed
infused-like  and  bulk-like  behavior  even  for  carbon  content  as  low  as 9.1  wt%.  Unlike  melt  infused  NaAlH4,
where  co-infusion  of  TiCl3 catalyst  has  proven  difficult,  the ball  milled  material  can  easily  accommodate
omposite materials
ydrogen absorbing materials
anostructured materials
echanical alloying

inetics

co-doping  with  both  carbon  and  TiCl3.  The  inclusion  of  carbon  with  TiCl3 results  in  a  modest  but  significant
improvement  in  kinetics  compared  to  NaAlH4 doped  with  TiCl3 alone,  especially  for  rehydrogenation.  Ball
milling  with  activated  carbon  produces  an  improvement  very  similar  to  that  of carbon  aerogel,  whereas
graphene  and  graphite  have  smaller  effects,  in that  order.  During  cycling  of  the  second  stage  NaAlH4 reac-
tion, i.e.,  Na3AlH6 ↔  3NaH  +  Al +  (3/2)H2, addition  of  either  activated  carbon  or  carbon  aerogel  at  23.1  wt%,
but without  TiCl3, results  in  kinetic  performance  as good  as  or better  than  NaAlH4 doped  with  TiCl3.
. Introduction

Complex hydrides are attractive candidates for solid state
ydrogen storage in large part because they have high volumet-
ic hydrogen densities (50–115 g hydrogen/l), substantially higher
han that offered by compressed H2 gas (36.7 g H2/l at 700 bar)
1]. Complex hydrides are also among the solid materials having
he highest gravimetric hydrogen densities (for example, 5.6 wt%
or NaAlH4 and 13.8 wt% for LiBH4). One of the impediments to
heir application for on-vehicle hydrogen storage, however, is that
ydrogen release is accompanied by phase separation, which lim-

ts their absorption and desorption kinetics. Hydrogen release and
eabsorption requires bulk diffusion not only of hydrogen but also
f the heavier metallic elements in order to accomplish phase sep-
ration and recombination.

Sodium alanate (NaAlH4) has been extensively studied as a solid
ydride material for on-vehicle hydrogen storage [2–7] and thus
erves well as a model system for investigating means to improve

inetics. NaAlH4 reversibly releases hydrogen in two  reactions:

aAlH4 ↔ (1/3)Na3AlH6 + (2/3)Al + H2 (3.7 wt%) (1)

∗ Tel.: +1 586 986 0661; fax: +1 586 986 3091.
E-mail address: frederick.e.pinkerton@gm.com

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.097
© 2011 Elsevier B.V. All rights reserved.

(1/3)Na3AlH6 + (2/3)Al ↔ NaH + Al + (1/2)H2 (1.9 wt%) (2)

The overall reaction gives off (3/2)H2 per NaAlH4 with a total
hydrogen storage capacity of 5.6 wt%. The two  steps are char-
acterized by hydrogenation enthalpies of �Hd = −37 kJ/mol H2
(with corresponding equilibrium temperature under 1 bar of H2
gas T1 bar = 30 ◦C) and −47 kJ/mol H2 (T1 bar = 100 ◦C), respectively.
While these hydrogen release reactions are thermodynamically
allowed at relatively low temperatures compared to many other
complex hydrides, the reaction kinetics of unmodified NaAlH4 are
quite slow. In fact, uncatalyzed bulk NaAlH4 generally does not
release hydrogen until reaching temperatures well above melt-
ing (Tm = 183 ◦C), and does not readily reabsorb hydrogen under
laboratory H2 pressures and temperatures [2,8]. A decade ago
Bogdanović et al. discovered that doping NaAlH4 with titanium,
accompanied by nanoscale fabrication (for example by ball milling),
reduced the dehydrogenation temperature to below the melting
temperature and improved the kinetics of dehydrogenation and
rehydrogenation to practical values [2].  The international research
effort stimulated by this early work has made NaAlH4 the most
thoroughly scrutinized complex hydride for hydrogen storage [9].

Another approach explored by a number of investigators has

been the addition of carbon in various forms (graphite, activated
carbon, carbon nanofibers, carbon nanotubes, or C60 fullerene),
either alone or as a co-dopant with Ti [10–23]. It is generally
concluded that carbon additions improve the kinetics of NaAlH4,

dx.doi.org/10.1016/j.jallcom.2011.06.097
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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nd even Ti-catalyzed NaAlH4 shows modest improvement when
o-doped with carbon. Even catalytic levels (∼2 wt%) of carbon
dditions appear to improve the kinetics of NaAlH4 both with [11]
nd without [13] Ti co-doping. There is little agreement in the
iterature, however, about which forms of carbon are most effica-
ious. For example, Wang et al. [14] examined 10 wt% additions
f various carbons to NaAlH4 and concluded that activated car-
on and graphite were inactive unless co-doped with Ti, while
aluska et al. [10] found graphite and activated carbon to be equally
ffective in improving kinetics in the absence of Ti. Berseth et al.
17] similarly found carbon nanotubes, graphite, and C60 at 10 wt%
ddition to be effective dopants in the absence of a catalyst, with
60 giving the largest kinetic improvement. More recently, though,

t has been shown by the same group [24] that a C60-enriched
aAlH4:C60 = 6:1 mixture (69 wt% C60) formed Na6C60 upon ther-
al  dehydrogenation, with the Na embedded within fullerene

ages; 1.5 wt% rehydrogenation is attributed in this case to uptake
y the Na@C60 rather than reforming the NaAlH4. Recent reviews
25,26] summarize the effect of various carbon morphologies on
he kinetics of NaAlH4 and other hydride materials, and emphasize
hat non-planar carbon surfaces such as are found in nanotubes
nd C60 may  play an important role by enhancing electron affinity
17,25].

More recently, kinetic improvement has been reported through
onfinement of NaAlH4 in nanoporous scaffolds. The concept is
o constrain phase separation to nanometer dimensions within
he pores and thus facilitate recombination [27–33].  For exam-
le, by melt infusing NaAlH4 into a carbon aerogel with a pore
ize distribution peaked near 13 nm,  Stephens et al. [34] achieved
inetics rivaling that of Ti-catalyzed NaAlH4 and demonstrated
ully reversible hydrogen storage, even though there was  no Ti
atalyst in the sample. The quantity of NaAlH4 infused, however,
as limited by the internal pore volume of the aerogel (0.8 g/cm3),

nd amounted to just over half of the sample by weight. Similar

esults have been reported by de Jongh and co-workers [35–37]
or NaAlH4 infused into nanoporous carbon, but with an NaAlH4
oading of only 20 wt% of the sample. They also found, however,
hat the predominantly 2–3 nm pore size produced a change in the

able  1
ummary of sample compositions and kinetic properties.

Carbon C content (wt%) TiCl3 content
(mol%)a

1st desorp
midpoint T
(◦C)

None 0 0 278 

0 3 (R1) 139
(R2) 192 

NaAlH4@aerogel ∼47 0 191 

Carbon
aerogel

47.4  0 192 

23.1  0 203 

23.1  3 (R1) 135
(R2) 189

Activated
carbon

23.1  0 205 

16.7  0 219 

9.1  0 228 

23.1 3 (R1) 134
(R2) 188 

Graphene 23.1 0 245 

Graphite 23.1 0 265 

a Relative to NaAlH4 content.
b Temperature at which the desorption reached 50% of that sample’s total capacity. T

i-catalyzed samples.
c Capacity after 12 h of hydrogenation at 140 ◦C in 19.8 bar H2.
d Time to reach 1/2 of the final absorption capacity during hydrogenation. Time is meas

each  140 ◦C.
e Samples did not approach full capacity during the first and subsequent 12 h absorptio

ull  capacity.
f Experiment terminated abnormally after the second desorption.
mpounds 509 (2011) 8958– 8964 8959

thermodynamics of NaAlH4 dehydrogenation. Altered thermody-
namic behavior was also observed by Lohstroh et al. [38] for 48 wt%
NaAlH4 melt-infused into activated carbon nanofiber having a pre-
ponderance of pores below 4 nm.  Baldé et al. [39,40] used solvent
impregnation to load 2–9 wt%  NaAlH4 into carbon nanofiber bun-
dles and found a factor of two improvement in activation energy
in the lowest loading (2 wt%  NaAlH4) with NaAlH4 particle sizes
limited to 2–10 nm compared to bulk NaAlH4. By solvent infus-
ing NaAlH4 within 2 nm diameter carbon nanotubes, Christian and
Aguey-Zinsou [41] were able to observe slight dehydrogenation
at room temperature, and heating produced a small release that
peaked at 60 ◦C followed by a much larger broad release extending
from 100 to 400 ◦C. Once again, however, the NaAlH4 loading was
quite low, less than 6 wt%. While all of these results are promising,
the limited NaAlH4 loading presents a serious impediment to prac-
tical application, and research efforts continue to try to increase
carbon scaffold pore volumes to improve NaAlH4 loading. Nanocon-
finement is an active and growing area of investigation for NaAlH4
as well as other hydrides and hydride systems [25,42,43].

It is therefore of interest to compare the effect on NaAlH4
kinetics of melt infusion into carbon aerogel with alternative
processing where similar forms of carbon are intimately mixed
with the NaAlH4 simply by ball milling. Here the effect of carbon
introduced by melt infusion into carbon aerogel is compared with
the effect of ball milling NaAlH4 with the same carbon aerogel,
and it is found that either melt infusion or ball milling provide
comparable improvement to the dehydrogenation kinetics and
the reversibility of reaction (2).  The impacts of various forms of
carbon, namely, carbon aerogel, activated carbon, graphite, and
graphene, are also compared, and it is shown that carbon additions
generally improve the cycling kinetics and reversibility of NaAlH4,
with or without Ti catalyst, and that mesoporous or microporous
carbons (e.g., carbon aerogel or activated carbon) produce the
greatest kinetic improvement.
2. Experimental details

NaAlH4 was  purchased from Albermarle and used without further purification,
as  powder X-ray diffraction (XRD) and thermogravimetric analysis (TGA) indicated

tion
b

3rd desorption
midpoint T (◦C)

1st absorption
capacityc (wt%)

1st absorption
time to 50%d

(min)

>240e 0.77 >239e

196 1.69 43

179 2.00 34

179 2.23 36
193 2.06 49

f 1.85 37

203 2.13 68
208 2.01 80

>213e 1.77 >140e

185 1.77 37

>227e 1.30 >247e

>233e 0.93 >247e

he two different desorption reactions (R1) and (R2), could be resolved only in the

ured from the start of heating, and includes roughly 30 min  for the temperature to

ns. The values in italics are thus lower bounds for the actual times to reach half of
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Fig. 1. Initial desorption of NaAlH4 samples with HRL carbon aerogel prepared by
melt infusion or by ball milling. The ball milled sample with 47.4 wt%  aerogel is
comparable in carbon content to the NaAlH4@aerogel sample. The 23.1 wt% aerogel
960 F.E. Pinkerton / Journal of Alloys a

o  significant contaminants (see Supporting Information). TiCl3 (Aldrich, 99.999%)
as  used for Ti-catalyzed samples. Carbon additives included commercial graphite

Alfa, 99.5%), activated carbon (Alfa Aesar, max. 4% ash), and graphene (XG Sciences
GnP 5 �m).  In addition, carbon aerogel cubes having a 13 nm average pore size
rovided by HRL Laboratories, LLC were used either as a carbon additive or as a
caffold for melt infusion of NaAlH4. Sorbed water was  removed from the carbon
tarting materials by heating under vacuum.

Samples of NaAlH4 containing X wt% carbon additive (X = 9.1, 16.7, 23.1, or 47.4)
ere prepared by mixing the desired quantities of NaAlH4 powder and carbon and

all  milling for 1 h in a SPEX Model 8000 Mixer/Mill with one large and two  small
alls in a round-ended hardened steel vial. Most of the samples examined in this
ork contained 23.1 wt% carbon. For activated carbon, the carbon content was var-

ed  from X = 9.1 to 23.1 wt%. For the HRL carbon aerogel, samples were made at both
3.1 wt%  and 47.4 wt%; the latter approximates the composition of samples made
y  melt-infusing NaAlH4 into 13 nm carbon aerogel [34]. Catalyzed ball milled sam-
les were made in the case of pure NaAlH4, activated carbon, and HRL aerogel by

ncluding 0.03 mol  of TiCl3 per mole of NaAlH4. All samples were handled and ball
ill vials were loaded inside of an Ar inert gas glove box to prevent atmospheric

ontamination. Chemical analysis using Inductively Coupled Plasma Atomic Emis-
ion Spectrometry (ICP/AES) was performed on representative ball milled samples
o check for contamination by Fe from the ball milling process. In all cases the Fe
ontent was  0.08 wt%  or lower, far too low to act as an effective catalyst. A summary
f  samples is provided in Table 1.

For comparison NaAlH4 was melt-infused into HRL carbon aerogel (hereafter
esignated NaAlH4@aerogel) by placing a cube of aerogel weighting 0.2590 g into a
uartz bucket and covering the cube with 0.2866 g of NaAlH4 powder. This weight
atio of NaAlH4 to aerogel represents a 10% excess of NaAlH4 relative to the amount
stimated to just fill the pore volume in the aerogel. The quartz bucket was  sealed in
he  glove box into a PARR high pressure reactor, which was  then removed from the
love  box and transported to a heating sleeve. The vessel was charged with 163 bar
f  H2 gas at room temperature, and then gradually heated to 204 ◦C, a temperature
lightly above the melting temperature of NaAlH4 (183 ◦C). At this temperature the
2 pressure was  278 bar, sufficient to prevent the molten NaAlH4 from dehydro-
enating. The vessel was  held at this temperature for 250 min, then cooled to room
emperature, depressurized, and purged with He to remove the remaining H2. The
essel was  returned to the glove box and the infused aerogel removed in the form
f  partially decrepitated shards.

XRD results were obtained by loading the powder into 1 mm  inner diameter
apillary tubes inside the glove box and sealing with clay. The capillaries were trans-
orted to a Bruker AXS X-ray diffractometer equipped with a General Area Detector
iffraction System (GADDS).

Initial dehydrogenation and hydrogen cycling were performed in a Hiden Model
GA-3 thermogravimetric analyzer. Dehydrogenations were performed under 1 bar
f  He gas flowing at 200 ml/min while heating the sample at 4.3 ◦C/min to the
arget temperature. The sample was held at the target temperature for about
0 min  before cooling back to room temperature. The target temperature var-

ed  with sample because further decomposition of NaH to Na and hydrogen gas,
hich normally occurs only well in excess of 300 ◦C, can be catalyzed by carbon

o  occur at substantially reduced temperatures [18]. The maximum temperature
or  a given form of carbon was selected to be just sufficient to complete reaction
2),  the decomposition of Na3AlH6, and minimize higher temperature exposure
hat might further decompose the NaH (see below). Hydrogenations were con-
ucted in 19.8 bar of H2 gas flowing at 200 ml/min. The temperature was  ramped at
.3 ◦C/min to 140 ◦C and held for 12 h. The temperature profile was nearly identical
or all samples. Between each half-cycle, the sample was  cooled to room tem-
erature, depressurized to vacuum, and repressurized with the appropriate gas.
hree dehydrogenation–rehydrogenation cycles were performed on each sample.
lthough the limited number of cycles does not address long term stability, the
eproducibility over three cycles ensures that there are no gross changes in the
amples during cycling, especially during the initial dehydrogenation and rehy-
rogenation. In contrast, ball milled TiCl3-catalyzed NaAlH4 can show significant
ifferences between the first and subsequent cycles, see for example Stephens et al.
34].

Because the H2 pressure was  limited in the Hiden apparatus to <20 bar, only
eaction (2) could occur, reforming Na3AlH6 from NaH and Al. Cycling observations
ere thus limited to reaction (2).  Following the results of Zaluska et al. [10], some

inetic improvement is expected also for reaction (1);  results for initial dehydro-
enation support this conjecture. To test for reaction (1) acceleration, one sample,
aAlH4 + 23.1 wt%  carbon aerogel, was cycled in an alternate apparatus (Cahn Model
151 high pressure TGA) using 96 bar hydrogenations.

. Results and discussion

.1. Comparison of ball milled and melt infused NaAlH4–carbon

erogel

Uncatalyzed NaAlH4 ball milled with HRL carbon aerogel is
ompared in Fig. 1 with NaAlH4 that has been melt infused into car-
sample has insufficient pore volume to accommodate all of the NaAlH4 by about
a  factor of three. The dotted vertical line shows the melting temperature of bulk
NaAlH4.

bon aerogel (NaAlH4@aerogel). Two  levels of aerogel addition are
shown, 23.1 wt% (dark blue) and 47.4 wt%  (orange). The latter com-
position was chosen to provide approximately the same amount
of carbon as is contained in the NaAlH4@aerogel sample (green).
For completeness the dehydrogenation of ball milled NaAlH4 with-
out carbon is also shown (black). All desorption amounts are given
relative to the NaAlH4 content in the sample for purposes of com-
parison. The ball milled and melt infused samples having about the
same carbon level (X = 47.4 wt%) released hydrogen at about the
same temperature; the midpoints of desorption differed by only
about 1 ◦C, which is within experimental error. Two differences are
apparent in the ball milled material: first, there was  a small but
significant weight loss even at temperatures below 100 ◦C, and sec-
ond, the amount of hydrogen desorbed was higher. The relatively
lower amount of hydrogen released from the melt infused sam-
ple may  be due to the infusion being not quite complete. The total
weight loss from the ball milled sample actually exceeded the the-
oretical capacity of the total of reactions (1) and (2) due to slight
decomposition of NaH to Na [18], as discussed in Section 2.

Dehydrogenation of the ball milled sample with 23.1 wt% aero-
gel occurred at only slightly higher temperature (by 11 ◦C), and was
still reduced by 75 ◦C compared to undoped NaAlH4. Essentially
full capacity weight loss was  observed by 230 ◦C. Its behavior was
very similar to the melt infused sample, albeit at slightly higher
temperature, in spite of the fact that at this additive level the pore
volume of the aerogel was insufficient to hold all of the NaAlH4.
Indeed, from previous estimates the internal volume of the aero-
gel was only sufficient to hold about 30% of the NaAlH4, while
the remaining 70%, at a minimum, must be outside of the aero-
gel. Curiously, there was no evidence for the mixed behavior that
might be expected from such a sample, i.e., having 30% of the
weight loss follow the behavior of the infused sample, and the other
70% remaining bulk-like (following the black curve). Instead, there
was  a single, continuous behavior only shifted a bit from the fully
infused case. This point will be discussed further below.

Similar results were obtained for the first rehydrogenation in
19.8 bar H2 pressure at 140 ◦C, as shown in Fig. 2. As previously
stated, under this pressure–temperature condition, only reaction

(2) was  reversible. The undoped decomposed NaAlH4 absorbed
only 0.77 wt% hydrogen even after 12 h of exposure. In contrast,
the aerogel-containing samples all readily reabsorbed hydrogen.
There was  again little difference between the melt-infused and
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Fig. 2. First reabsorption for the same four samples as in Fig. 1, again illustrating
the similarity between melt infused and ball milled samples. Only reaction (2) is
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eversible under the experimental temperature and pressure conditions. Undoped
aAlH4 rehydrogenates poorly. The dashed curve is the temperature profile.

he ball milled samples at X = 47.4 wt%, except that once again
he ball milled sample showed better capacity. In fact, as was  the
ase in desorption, the ball milled sample actually exceeded the
heoretical capacity for reaction (2).  This is consistent with the
resence of a small quantity of Na in the dehydrogenated sam-
le that rehydrogenates under these conditions, eventually forming
he intermediate hexahydride.

Subsequent dehydrogenation via reaction (2) is presented in
ig. 3. The similarity of the melt infused and ball milled materials
as once again evident, as was the greatly enhanced performance

f the 23.1 wt% aerogel ball milled sample.
Upon cycling, there was very little additional change except

or a general decrease in the cycling capacity (see Supporting
nformation). The amount was sample dependent, but ranged from
% to as high as 27% capacity reduction after the third rehydro-
enation. This diminution is attributed to gradual oxidation of the
ample by impurities in the gas flow, which accumulated to sig-
ificant values because of the long hydrogenation times and the
epeated evacuations and backfills in the experimental protocol.
he 27% value in particular was an early sample that experienced
elatively long idle times between cycles, before the importance of
his effect was recognized.

When rehydrogenated at 96 bar, improved kinetics are also

bserved for dehydrogenation and rehydrogenation of reaction (1)
see Supporting Information). The reaction (1) reabsorption, how-

ig. 3. Reaction (2) second cycle desorption of the same four samples as Fig. 1.
Fig. 4. Initial desorption (a) and subsequent first reabsorption (b) comparing various
forms of carbon at 23.1 wt% addition.

ever, is slower than that of the reaction (2) reabsorption, and is not
complete even after 12 h.

3.2. Effect of different carbon morphologies

Fig. 4(a) compares the effect of several different forms of car-
bon on the initial desorption of NaAlH4 at 23.1 wt% loading. Except
for a small difference in capacity, activated carbon gave results
nearly identical to the ball milled HRL carbon aerogel. Correspond-
ingly smaller improvements in dehydrogenation temperature were
observed for graphene and graphite. On rehydrogenation (Fig. 4(b))
the graphite and graphene samples showed only incomplete rehy-
drogenation, although the amount of hydrogen reabsorbed in 12 h
was  qualitatively consistent with changes in the initial dehydro-
genation temperature. Once again, the activated carbon sample was
nearly the same as the carbon aerogel when ball milled. Curiously,
by the third cycle the midpoint of dehydrogenation for most of the
carbon samples had decreased by about 10 ◦C; the rehydrogenation
curves, however, remained virtually identical. These results are dif-
ferent from those reported by Zaluska et al. [10], in that graphite
and activated carbon do not give about the same improvement, but
rather graphite is minimally active while activated carbon is highly
beneficial. They also contradict Wang et al. [14], who  reported that
carbons, including activated carbon, were inactive unless Ti was
present.

The carbon aerogel has a broad pore size distribution centered

near 13 nm,  whereas the activated carbon pore size distribution
increases smoothly with decreasing pore size and exhibits a sub-
stantial microporous tail below 2 nm (see Supporting Information).
The aerogel and activated carbon nevertheless have very similar
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Fig. 5. Initial desorption for NaAlH4 samples with varying activated carbon loading,
compared to a melt-infused sample and undoped NaAlH4. The dashed curves rep-
r
o

B
p
s
a

g
i
h
n
i
b
2
A
i
t
a
d
F
h
a
v
d
k
S
N
s
g
r
p
o

b
a
r
2
o
i
f
a

i
l
t

mixture of NaAlH4 with 3 mol% TiCl3. Fig. 6(a) shows the effect of
esent the expected desorption if the samples behave like a weighted superposition
f  an infused-like and a bulk-like component.

ET specific surface areas (750 and 940 m2/g, respectively) and total
ore volumes (0.84 and 0.71 cm3/g, respectively). These similarities
eem to yield comparable kinetic improvement irrespective of the
ctual pore size distributions.

One possible explanation for the enhanced kinetics in the aero-
el and activated carbon samples is that the alanate melted and
nfused into the pores of the carbon during the first desorption
eating. While plausible, further examination shows that this can-
ot be the dominant source of improved kinetics. Initial desorption

s shown in Fig. 5 for several different loadings of activated car-
on. When the quantity of activated carbon was  decreased from
3.1 to 9.1 wt%, desorption still occurred virtually as a single step.
t 9.1 wt% activated carbon, there was only enough pore volume

n the carbon to hold about 9% of the NaAlH4 in the sample. If
he improved kinetics were due solely to infusion, it should give

 weighted superposition of bulk-like desorption and melt infused
esorption, as suggested by the corresponding dashed curve in
ig. 5. Instead a single continuous behavior was observed, shifted to
igher temperature by 38 ◦C. Even at 23.1 wt% carbon, only about

 quarter of the NaAlH4 could fit into the activated carbon pore
olume. Furthermore, a substantial fraction of the hydrogen was
esorbed below the NaAlH4 melting temperature. Finally, large
inetic enhancement was also observed during reabsorption (see
upporting Information) even when only a small fraction of the
aAlH4 decomposition products could be within pores. There are

mall inflection points on the desorption curves which are sug-
estive of infused-like behavior, however the major temperature
eduction compared to undoped material affected the entire sam-
le, an observation not consistent with infusion as the primary
rigin.

The dehydrogenation curves displayed in Fig. 5 are corroborated
y very recent results from Lin et al. [22] on NaAlH4 with 10 wt%
nd 30 wt% activated carbon additions. They observed hydrogen
eleases during heating that closely resemble the 9.1 wt%  and
3.1 wt% samples, respectively. Perhaps because their magnitudes
f the hydrogen release are not quantified, they attribute the
mproved kinetics to melt infusion during heating; however, the
ull dehydrogenations shown in Fig. 5 are not consistent with such

 conclusion, as discussed above.
The effects of nanoporous carbon on the kinetics of reaction (2)
n ball milled materials share many of the characteristics of cata-
ysts: relatively small quantities of carbon have a large effect; as
he amount of carbon increases the kinetics continue to improve
Fig. 6. Initial desorption (a) and subsequent first reabsorption (b) of NaAlH4 with
3  mol% TiCl3 added as a catalyst, without and with co-doping by 23.1 wt% activated
carbon or HRL carbon aerogel.

but at a rate slower than linear; and high surface area appears to
be crucial. Adelhelm and de Jongh [26] concluded that carbon plays
multiple roles in affecting kinetics of NaAlH4, and includes a direct
interaction beyond the nanosize effects of confinement and hin-
dering grain growth during cycling of nanoparticle hydrides. The
dependence of kinetics on carbon content supports this conclusion.
That graphite and graphene also show some kinetic improvement,
albeit modest, also argues for a non-nanoscale effect from carbon,
as does preliminary electron microscopy examination indicating
that the carbon aerogel particles in ball milled samples range in
size from 100 nm to 1 �m,  and hence are not truly nanodispersed.
The reduced impact of graphite and graphene may  be due in part
to the preponderance of planer carbon surfaces in these mate-
rials, compared to the irregular carbon surfaces in nanoporous
morphologies [17,25]. Further study is needed to fully resolve the
interplay between nanoporous carbon particles and NaAlH4.

3.3. Incorporation of TiCl3 catalyst

It has been well established that addition of a few mole percent
of a transition metal such as Ti (typically introduced via Ti butoxide
or a metal salt) greatly improves the kinetics of NaAlH4. Indeed, it
was  this observation by Bogdanović et al. [2] that led to extensive
study of NaAlH4 as a hydrogen storage material. It is thus of interest
to examine the impact of co-doping carbon and Ti in NaAlH4. In this
work, Ti was  introduced into the NaAlH4 powder by ball milling a
adding 3 mol% TiCl3 on the initial desorption of NaAlH4 (dark blue
curve). Also shown are desorptions for samples in which NaAlH4
has been co-milled with 3 mol% TiCl3 (relative to the NaAlH4 con-
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ent) and 23.1 wt% carbon in the form of either activated carbon
red) or carbon aerogel (light blue). Although the effect of carbon on
iCl3-doped NaAlH4 was much less dramatic than those described
bove for Ti-free NaAlH4, nevertheless carbon addition did improve
he kinetic performance significantly compared to TiCl3 alone. The

id-point temperature of the first decomposition step (R1) was
hifted to lower temperature by about 5 ◦C, although early in the
ecomposition the temperature shift was in excess of 10 ◦C. In
peration this would translate to significantly faster kinetics at a
xed operating temperature. The kinetics of the second step (R2)

mproved by about 4 ◦C. For comparison, Lin et al. [22] examined
he effect on NaAlH4 kinetics of decorating activated carbon with
mall quantities of Co, Cu, or Ni particles, and found that decorated
arbon worked somewhat better than the carbon alone, but not as
ell as standard TiCl3-catalyzed NaAlH4. It appears that combin-

ng nanoporous carbon with a Ti-based catalyst is more efficacious
han carbon with Co, Cu, or Ni metal catalyst particles.

It is worth emphasizing that there are no comparison data pre-
ented here for (NaAlH4 + TiCl3)@aerogel, i.e., aerogel that has been
nfused with Ti-added NaAlH4. To date it has proven intractable
o simultaneously melt infuse aerogel with both NaAlH4 and TiCl3.
ur attempts at melt-infusion with NaAlH4 loadings correspond-

ng to full pore filling resulted in low yields of infused material,
ithout improvement in the dehydrogenation behavior beyond
aAlH4@aerogel without TiCl3, and certainly not approaching the
ehavior of TiCl3-added NaAlH4 itself. Recently some success has
een achieved in co-incorporation, but only at NaAlH4 loadings well
elow complete pore filling. Nielsen et al. [44] first solvent infused
iCl3 into a 17 nm carbon aerogel, followed by NaAlH4 melt infu-
ion, but limited the NaAlH4 loading to 33.3 wt%, well below the
aturation limit, in order to obtain complete NaAlH4 infiltration.
he co-infiltrated aerogel did show substantially improved kinetic
erformance compared to a ball milled NaAlH4–TiCl3 sample, with
he peak hydrogen release occurring about 35 ◦C lower in temper-
ture. NaAlH4 and Ti(OBu)4 were successively solvent infused to
roduce catalyzed NaAlH4 supported on carbon nanofibers by Baldé
t al. [45], with an 8 wt%  NaAlH4 loading.

Co-doping with TiCl3 and carbon also significantly improved
ehydrogenation, at least for reaction (2).  This is observed in
ig. 6(b), where the carbon-added samples took up hydrogen about
 min  sooner than the TiCl3-only sample during heating to the soak
emperature; at the heating rate of 4.3 ◦C/min this was equivalent
o a temperature shift of about 26 ◦C. Furthermore, reaction (2) was

ig. 7. Second desorption (reaction (2)) for TiCl3-catalyzed NaAlH4 without and
ith co-doping by 23.1 wt% activated carbon or HRL carbon aerogel. Also shown for

omparison are melt-infused or ball milled samples with HRL carbon aerogel, but
ithout TiCl3. These latter two samples are comparable to, or better than, TiCl3-

atalyzed NaAlH4, even without the presence of Ti.
mpounds 509 (2011) 8958– 8964 8963

also accelerated by carbon during subsequent desorptions, as illus-
trated by the second desorption data in Fig. 7. In this case, co-doping
with carbon improved the desorption temperature by about 15 ◦C.
Perhaps more surprising are the results also overlaid in Fig. 7 for
carbon aerogel, both ball milled and melt infused, without TiCl3.
The second desorption was  superior for these samples compared
to TiCl3-added NaAlH4, even in the absence of Ti.

Although it is not obvious from the figures presented here
because of the normalization to NaAlH4 content, clearly the inclu-
sion of up to 23.1 wt% carbon will reduce the effective hydrogen
capacity by dilution. The kinetic improvements of carbon in the
TiCl3-added samples are unlikely to be significant enough to justify
the lost capacity. However, some forms of carbon at the 10–20 wt%
level are candidates for enhancing thermal conductivity when
mixed with NaAlH4, and it is significant that an accompanying syn-
ergistic improvement in hydrogen cycling kinetics might also be
achieved. In fact, Fig. 7 suggests that in the presence of carbon, it
may no longer be necessary to also add TiCl3.

4. Conclusions

Incorporating graphite, graphene, activated carbon, and a
carbon aerogel at 23.1 wt% into NaAlH4 by ball milling confirms pre-
vious observations [10,15,17,19,21–23] that carbon can improve
the kinetics of dehydrogenation and cycling of NaAlH4 even in
the absence of a transition metal catalyst. In this work graphite
had a minimal effect, and graphene was only somewhat better,
whereas microporous activated carbon and mesoporous carbon
aerogel produced large and essentially equivalent kinetic improve-
ments compared to additive-free NaAlH4. As detailed in Section
1, these results differ from some of the previous reports [10,14].
Notably, addition of 23.1 wt%  activated carbon or carbon aero-
gel produced kinetic improvements to the cycling of reaction (2)
(Na3AlH6 ↔ 3NaH + Al + (3/2)H2) that were comparable to that pro-
duced by Ti addition, even though Ti was not present. When also
catalyzed with TiCl3, activated carbon and carbon aerogel provided
more modest, but still significant, improvements to the cycling
kinetics.

Results comparable to melt infusion were achieved by simply
ball milling aerogel with NaAlH4. Furthermore, both carbon and
TiCl3 were successfully incorporated simultaneously into NaAlH4
samples by ball milling, resulting in kinetics superior to TiCl3
additions alone, in general agreement with previous observations
[11,12,14–17,20]. Co-incorporation of a Ti catalyst has proven dif-
ficult via melt infusion. Ball milling thus provides a more flexible
and straightforward preparation technique for sample synthesis.

Ball milling also allows NaAlH4 concentrations substantially
higher than the limit imposed by full pore filling in melt infusion or
solvent infusion. While reducing the quantity of activated carbon
modestly increased the desorption temperature, it still maintained
a large improvement over additive-free NaAlH4, and without any
appearance of bulk-like behavior even at carbon concentrations as
low as 9.1 wt% where no more than about 10% of the NaAlH4 could
be located inside carbon pores. Even this relatively low level of acti-
vated carbon greatly improved the reversibility of reaction (2).  The
kinetic improvement is larger than a simple proportionality to the
amount of carbon, and there is no sign of mixed behavior. Clearly
the kinetic improvement cannot be ascribed solely to nanoscale
confinement. Major contribution from a direct catalytic effect of
carbon on NaAlH4 and its products is consistent with the observed
kinetic improvements, although further study is needed to verify

its nature.

The extent to which various carbon morphologies work with
other emerging complex hydride materials is an open question.
Work is under way to establish the kinetic improvements of ball
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