
 
This article is part of the 

Hydrogen web- based thematic issue 
showcasing the latest research on all aspects of hydrogen 

generation, storage and activation 

 
Guest editors: Professors Ferdi Schüth, Douglas Stephan, 

Daniel DuBois and Mary DuBois 
 

All articles in this issue are gathered together online at 
www.rsc.org/chemcomm/hydrogen 

 
 

 

Pu
bl

is
he

d 
on

 3
0 

N
ov

em
be

r 
20

10
. D

ow
nl

oa
de

d 
by

 F
re

ie
 U

ni
ve

rs
ita

et
 B

er
lin

 o
n 

31
/1

0/
20

14
 1

1:
11

:0
8.

 
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c0cc03264f
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC047006


1740 Chem. Commun., 2011, 47, 1740–1742 This journal is c The Royal Society of Chemistry 2011

A novel catalyst precursor K2TiF6 with remarkable synergetic effects

of K, Ti and F together on reversible hydrogen storage of NaAlH4wz
Yongfeng Liu, Chu Liang, Hai Zhou, Mingxia Gao, Hongge Pan* and Qidong Wang

Received 15th August 2010, Accepted 12th November 2010

DOI: 10.1039/c0cc03264f

A synergetic effect of K, Ti and F together on improving the

reversible hydrogen storage properties of NaAlH4 is found by

intruding K2TiF6 as catalyst precursor. Around 4.4 wt% of

hydrogen can be released from the NaAlH4–0.025 K2TiF6

sample within 40 min at 140 1C.

Complex hydrides of light metals, such as alanates, borohy-

drides and amides, have attracted considerable attention as

potential hydrogen storage media due to their high gravimetric

and volumetric hydrogen capacities.1 NaAlH4 is regarded as

the most promising one of them for practical applications since

Bogdanović and Schwickardi found that it could reversibly

store 3–4 wt% hydrogen under moderate conditions by

introducing a small amount of Ti-based additive.2 It is well

known that NaAlH4 decomposes to release hydrogen in three

steps according to the following reactions:

NaAlH4 "
1
3
Na3AlH6 +

2
3
Al + 3

2
H2 (1)

Na3AlH6 " 3NaH + Al + 3
2
H2 (2)

NaH " Na + 1
2
H2 (3)

The stepwise reaction liberates about 3.7, 1.9 and 1.9 wt%

hydrogen, respectively. However, only the first two steps are

utilized for technical applications since the decomposition of

NaH occurs at high temperatures (> 400 1C). So, the amount

of hydrogen practically available is B5.6 wt%, which is close

to the new 2010 target (4.5 wt% for system) set by the USDOE

in 2009.3 Recent investigations on NaAlH4 were mainly

focused on understanding the roles played by Ti-based

additives and exploring novel high-performance catalysts.4–8

Various hypotheses have been proposed to explain the

catalytic nature of the active Ti species, including the

formation of catalytic AlxTiy complexes,4 the substitution of

Ti for Na or Al,5 and the presence of Na and/or Al vacancy.6 It

was also found that the F� anion plays an important role in

improving the de-/hydriding performances of NaAlH4 as TiF3

exhibits a superior catalytic effect over TiCl3 owing to the

favorable thermodynamic modification caused by the

substitution of H� by F�.7 Moreover, introducing KH into

NaAlH4 pronouncedly enhances the dehydrogenation

performances as well, especially for the decomposition of

Na3AlH6 (reaction (2)).8 In spite of these intense research

efforts, a complete understanding of the roles played by the

catalysts is still lacking, and further improvements in the

de-/hydriding thermodynamics and kinetics of NaAlH4 are

highly desirable. Here, we are reporting a novel additive,

K2TiF6, which provides the synergetic catalytic effects of Ti,

F and K together for NaAlH4.

Five samples of NaAlH4 with no and different amounts of

K2TiF6 introduced were prepared by ball milling as described

in the ESI.z After 36 h of milling, pressure increases were

detected inside the milling jars with K2TiF6 as additives while

no pressure change was observed for the jar with pure NaAlH4

(Table S1, ESIz). Since NaAlH4 is quite stable when ball milled

alone, the hydrogen generated from the samples with catalyst

should come from the chemical reaction between NaAlH4 and

K2TiF6. As shown in Table S1 (ESIz), ca. 0.12 atoms of H are

liberated fromNaAlH4–0.01 K2TiF6, and the hydrogen release

amounts to 0.36 atoms for NaAlH4–0.03 K2TiF6. A

proportional increase in the dehydrogenation amount with

respect to the addition of K2TiF6 is disclosed. To understand

the mechanochemical reaction between NaAlH4 and K2TiF6,

XRD analysis was carried out on the post-36 h milled

NaAlH4–0.03 K2TiF6 sample (Fig. 1a). Obviously, the

NaAlH4 phase dominates in the XRD profile. In the

meantime, the characteristic peaks of Na3AlH6, KAlH4, KH,

Al, NaF and TiF3 can all be identified on referring to the

PDF-2 database of the JCPDS-ICDD. Thus, the chemical

reaction between NaAlH4 and K2TiF6 during ball milling

can be expressed as follows:

6NaAlH4 þ K2TiF6 �!
BM

Na3AlH6 þ KAlH4 þ KH

þ 3NaFþ 4Alþ TiF3 þ
13

2
H2

ð4Þ

According to reaction (4), 0.03 mol of K2TiF6 reacts with

0.18 mol of NaAlH4 to liberate 0.195 mol of H2, which is in

good agreement with the experimental result shown in Table S1

(0.36 H atoms, ESIz). Similar solid-state transformation of

[AlH4] into [AlH6] has also been found for TiCl4-doped LiAlH4.
9

As compared to the pristine sample, dramatic shifts towards

lower temperatures are observed for the first two peaks of

dehydrogenation of K2TiF6-added samples by TPD testing

while the position of the third peak remains almost unchanged

(Fig. S1, ESIz). It suggests that K2TiF6 works as an effective

catalyst only for the decomposition of [AlH4] and [AlH6]
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groups. Hence, quantitative measurements were focused only

on the first two steps of dehydrogenation reaction. Fig. 2 shows

the hydrogen desorption curves of NaAlH4 with and without

K2TiF6. As expected, the operating temperatures for hydrogen

desorption of NaAlH4 are all significantly lowered after adding

K2TiF6. Regretfully, the hydrogen capacities are also

decreased due to the dead weight of additives which do not

contain hydrogen. Taking into account the operating

temperature and the hydrogen capacity, 0.025 mol should be

the optimal concentration for adding K2TiF6 into NaAlH4 in

the present study. Approximately 4.4 wt% of hydrogen or

2.64 atoms of H is released from NaAlH4–0.025 K2TiF6 milled

for 36 h in the temperature range of 75–175 1C. Inspiringly, a

110 1C reduction in the end temperature for the second step of

dehydrogenation is attained relative to the pure NaAlH4.

For unveiling the chemical process which occurred in the

dehydrogenation process, NaAlH4–0.025 K2TiF6 samples at

different dehydrogenation stages were collected for XRD

examination. As shown in Fig. 1b, the NaAlH4–0.025 K2TiF6

sample milled for 36 h is comprised of NaAlH4, Na3AlH6,

KAlH4, KH, NaF, Al and TiF3. After dehydrogenation at

135 1C, the intensity of diffraction peaks of NaAlH4 is

distinctly weakened, and correspondingly peaks of Na3AlH6

and Al are enhanced. Meanwhile, Al3Ti can be identified from

the shoulder on the high-angle side of the strongest Al reflection

with the disappearance of TiF3. As the temperature is elevated to

160 1C, NaAlH4 is almost not detectable, and a new product of

NaH is observed with the growth of diffraction peaks of Al. In

addition, K2NaAlH6 is also discernible with relatively weak

diffraction peaks. At 200 1C, the dehydrogenated product

contains NaH, Al, NaF, K2NaAlH6 and Al3Ti. From the

above changes, we are trying to present a full picture of the

chemical process for dehydrogenation of K2TiF6-added NaAlH4

with temperatures.

Below 135 1C, NaAlH4 first reacts with TiF3 to yield NaF,

Al3Ti and H2.

3NaAlH4 + TiF3 - NaF + Al3Ti + 6H2 (5)

With catalysis of Al3Ti and NaF, the self-decomposition of

NaAlH4 occurs simultaneously according to reaction (1). As the

temperature is increased to 200 1C, Na3AlH6 decomposes to

release hydrogen and convert to NaH and Al (reaction (2)).

Moreover, part of the newly developed NaH may further react

with KH and KAlH4 to convert to K2NaAlH6 as a side reaction

caused by a favorable thermodynamic condition since the

decomposition of Ti-doped KAlH4 occurs at above 200 1C.10

KAlH4 + KH + NaH - K2NaAlH6 (6)

Based on the above reactions, the theoretical dehydrogenation

capacity is calculated to be about 4.5 wt% (2.7 H atoms) for

the NaAlH4–0.025 K2TiF6 sample milled for 36 h, which is

consistent with the experimental results shown in Fig. 2.

A comparative evaluation on the isothermal dehydro-

genation kinetics of NaAlH4 and NaAlH4–0.025 K2TiF6 was

performed (Fig. 3). It is seen that the isothermal

dehydrogenation kinetics of NaAlH4 is dramatically

enhanced by adding 0.025 mol of K2TiF6. For the pure

NaAlH4, no appreciable hydrogen desorption is detected

within 300 min at 140 1C. However, the NaAlH4–0.025

K2TiF6 sample releases B4.4 wt% of hydrogen, almost all

hydrogen in the post-milled sample in 40 min at the same

temperature. Even at a temperature as low as 100 1C, it also

liberatesB2.6 wt% of hydrogen in 90 min. More interestingly,

isothermal desorption kinetics of the K2TiF6-added NaAlH4 is

much faster than that of TiF3 or KH-doped samples.7,8 This

phenomenon indicates that a synergistic catalysis from the

active species Ti, F and K is existing for NaAlH4. As

mentioned above, TiF3, KH and NaF are involved in the

post-36 h milled NaAlH4–0.025 K2TiF6 sample. Among

these catalysts, TiF3 first reacts with NaAlH4 in the heating

process to form Al3Ti which facilitates specifically the catalytic

dissociation and recombination of hydrogen molecules on its

surface.4 It is also reported that NaF particles work as

nucleation centers for the formation of NaH due to their

identical crystallographic structure and comparable lattice

parameter, which promotes nucleation and growth of NaH

in the dehydrogenation process.11 On the other hand, the Al–H

bonds in [AlH4] and [AlH6] groups are weakened by the

substitution of F� anion for H�, resulting in the decrease of

the stability of the Al–H group.7Moreover, recent studies reveal
Fig. 2 Dehydrogenation curves of NaAlH4 with and without K2TiF6

with temperatures.

Fig. 1 XRD patterns of the post-36 h milled NaAlH4–0.03 K2TiF6

sample (a) and the dehydrogenated NaAlH4–0.025 K2TiF6 samples at

different stages.

Pu
bl

is
he

d 
on

 3
0 

N
ov

em
be

r 
20

10
. D

ow
nl

oa
de

d 
by

 F
re

ie
 U

ni
ve

rs
ita

et
 B

er
lin

 o
n 

31
/1

0/
20

14
 1

1:
11

:0
8.

 

View Article Online

http://dx.doi.org/10.1039/c0cc03264f


1742 Chem. Commun., 2011, 47, 1740–1742 This journal is c The Royal Society of Chemistry 2011

that the addition of KH substantially decreases the enthalpy

change for the decomposition of Na3AlH6, and consequently

lowers the operating temperature for hydrogen desorption.8

Thus, we believe that in the present study, the in situ

developed Al3Ti, NaF and KH by reacting K2TiF6 with

NaAlH4 are working together to improve remarkably the

dehydrogenation kinetics of NaAlH4. Significantly, it exhibits

a much superior catalytic performance over the addition of

TiF3, KH or NaF alone as seen in Fig. S2 (ESIz). A strong

synergetic catalysis of Ti, K and F is the result, which is further

supported by the fact that co-adding TiF3, KH and NaF gives

similar effects on the dehydrogenation of NaAlH4 (Fig. S3,

ESIz). More excitingly, the synergetic catalytic effects exhibit

good cycling stability (Fig. S4, ESIz), which is meritorious for

practical applications.

Fig. 4 shows the Kissinger plots of the first- and second-step

dehydrogenation of NaAlH4–0.025 K2TiF6. Tm was extracted

here by differentiating the non-isothermal dehydrogenation

curves as shown in Fig. S5 (ESIz). The activation energy (Ea)

is calculated to be 99.8 and 88.0 kJ mol�1 for the first and

second dehydrogenation, a 15% and 27% reduction relative to

the pristine sample,12 respectively. Interestingly, a bigger

reduction in Ea is achieved for the second dehydrogenation,

viz., the decomposition of Na3AlH6. It indicates that the

synergetic catalysis of Ti, F and K is more effective for

decomposition of [AlH6] group than that of [AlH4] group in

this case. The rehydrogenation experiment (Fig. S6, ESIz)
shows that under an initial hydrogen pressure of 105 atm,

the dehydrogenated NaAlH4–0.025 K2TiF6 sample starts to

absorb hydrogen at about 45 1C, a rather low hydrogenation

temperature for alanates. As the temperature is elevated to

120 1C,B4.3 wt% of hydrogen is recharged, exhibiting a good

reversibility for hydrogen storage.

In summary, we have found a remarkable improvement in

hydrogen storage performances of NaAlH4 by introducing

K2TiF6 as a catalyst precursor. It is found that K2TiF6

reacts with NaAlH4 to convert into Al3Ti, KH and NaF

during ball milling and subsequent heating. The newly

developed Al3Ti, KH and NaF work together as active

species for improving hydrogen storage in NaAlH4 with a

synergetic catalysis. This finding opens up a feasible way for

further improving hydrogen storage performances of alanates

via the finding and design of novel high-performance catalysts.
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A. Léon, J. Rothe, K. Ch"opek, O. Zabara and M. Fichtner,
Phys. Chem. Chem. Phys., 2009, 11, 8829–8834; X. L. Fan,
X. Z. Xiao, L. X. Chen, K. R. Yu, Z. Wu, S. Q. Li and
Q. D. Wang, Chem. Commun., 2009, 6857–6859.

3 http://www1.eere.energy.gov/hydrogenandfuelcells/storage/pdfs/
targets_onboard_hydro_storage_explanation.pdf (Web release
date Jan 4, 2010).

4 H. W. Brinks, B. C. Hauback, S. S. Srinivasan and C. M. Jensen,
J. Phys. Chem. B, 2005, 109, 15780–15785; J. J. Liu and Q. F. Ge,
Chem. Commun., 2006, 1822–1824; S. Chaudhuri, J. Graetz,
A. Ignatov, J. J. Reilly and J. T. Muckerman, J. Am. Chem. Soc.,
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