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Abstract

The phase transformation @fNagAlH ¢ to B-NagAlH ¢ was characterized by in situ DSC and high-temperature X-ray diffraction methods.
The detection of the phase transformation fromdhéo the B-polymorph requires rapid heating rates and a very fast data acquisition. The
influence of the preparation method on the stability of both polymorphic forms most probably originates from different particle sizes of the
parent samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction as observed by X-ray diffraction. The authors also reported
on the formation op-NagAlH g under high pressure (35 kbar)
Catalyst-doped metal hydrides are very promising ma- and high temperatures (90Q). The structure of the high-
terials for both, on-board and stationary hydrogen stor- temperature polymorph was proposed to be isomorphous to

age systems. In particular, Ti-doped NaAlirecently be- the crystal structure of cryolite.

came subject of various publications since Bogdanhawid For the mineral cryolite (NgAIFg), the existence of low-
Schwickardi showed that reversible hydrogen storage sys-and high-temperature polymorphs is well known. The struc-
tems can be formed by doping NaAfhwith titanium [1]. ture of the monoclinic low-temperature form was described

Hydrogen is released in two steps, where first the sodium by Naray-Szabo and Sasvi4l. Steward and Rooksbj]
hexahydroaluminate and then, NaH and Al are formed performed in situ high-temperature X-ray powder investiga-
(Eq. (2)): tions of cryolite, which revealed a transformation at about
1 2 _ 3 550°C into a cubic structure with the lattice parameter
NaAlHs = 3NagAlHg + 3Al + Hz = NaH + Al + 5H> a=7.95A and the space groupm3m. The structure is re-
(1) ported to be isomorphous with (NJAIFg [6]. Yang et al.
[7] studied the phase transition in cryolite in the tempera-
From thermal analysis of the decomposition behavior of e range of 22—-627C by single crystal X-ray diffraction
NaAlHa, the formation of a high-temperature stable poly- stydies. At 612C, a fluctuation-induced first-order phase
morph of sodium hexahydroaluminate MddH¢ at 222°C transition from monoclinic to orthorhombic symmetry was
was assumef2]. Bastide et al[3] were the firstto reportthe  reported. The space group for the orthorhombic phase is
existence of a cubiB-NagAlHe phase resulting froma poly-  |mmmuwith the lattice parameters=5.632(4),b=5.627(3)
morphic transition of the monoclinie-NagAlH g at 252°C, and 0:7_958(4)&_ Recently, Zhou and Kennedi] pub-
lished high-temperature powder synchrotron diffraction stud-
+ Corresponding author. Tel.: +49 208 3062181; fax: +49 208 3062889, ¢S Of synthetic NgAlFe. The results are in good agreement
E-mail addressweidenthaler@mpi-muelheim.mpg.de with the work of Steward and Rookskg] but are in contrast
(C. Weidenthaler). to the orthorhombic structure proposed by Yang et al. Zhou
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and Kennedy confirm a first-order transformation into a cu- in Debye—Scherrer geometry (CliK 1.540608) with a
bic high-temperature phase at about 567 This structure primary monochromator (Curved germanium (1 1 ]_)) and a

is characterized by static displacive disorder of thedh-  40° position-sensitive detector. The samples were filled into
ions. The effect of disorder is necessary to stabilize the cubic quartz-glass capillarieg(0.5 mm) and inserted into a cap-
structure. illary furnace attached to the diffractometer. During the ex-

For the cryolite-likeB-NagAlH§g, Bastide etal. reportacu-  periment, the sample was held under argon. Data were col-
bic structure iF-m3mwith a=7.755A [3]. The authors show  |ected in the range between 22 and 88 with a step width of
line diagrams of both the- and theB-form extracted from .03 2. The patterns shown Ifig. 1were collected at room
Debye—Scherrer measurements. Even though the existencgmperature on a Stoe STADI P transmission diffractometer

of B-N%A'H 6 1S WIdE|y accepted, no detailed investigations in Debye Scherrer geometry (CLDLK. 154060&) equipped
on this phase transformation were performed by now. with a linear position sensitive detector.

The aim of the present work was to investigate the ap-
pearance of the high-temperature polymorph and to provide
information about the kinetics of the phase transformation 2-3. Differential scanning calorimetry (DSC)
and the stability of the high-temperature form. Since the ki-
netics for doped samples is very fast, undoped samples, which  The DSC experiments were performed on a Mettler 27HP
exhibit a slower kinetics, were analyzed. in argon flow. The DSC (seEig. 6 in Section3.1) were
measured on a Netzsch STA 449C with a heating rate of
20°C/min from room temperature to 45Q in an argon flow

2. Experimental conditions of 100 ml/min.

2.1. Starting materials

NagAlHg prepared by the wet-chemical method 3. Results and discussion

(NagAlHg(w)) was synthesized according to Bogdar@ovi _
and Schwickardi[1]. 1.463g (27.09 mmol) of NaAlk The X-ray powder patterns of both products are shown in
and 13069 (5279 mm0|) of NaH (97%) were Suspended Flg 1a. The ball-milled Sample contains still a small amount
in 30 ml heptane. The suspension was stirred and kept atOf NaH used as Starting material. The different resolution
162°C for 72h under 140bar hydrogen pressure. For the and full-widths at half maximum (FWHM) of the reflec-
ball-milled NaAIH ¢ sample (NgAIH g(b)), 0.54 g NaAlH, tions originates from different particle sizes for the sam-
(10 mmol) and 0.50 g NaH (97%, 20 mmol) were ball-milled Ples NaAlH g(b) and NaAlH g(w). The formation of smaller

in a Fritsch mill (P7) at 800 rpm for 3 h. crystals with sizes of about 40 nm for samplezNHd ¢(b)
is a consequence of the ball-milling, whereas the sample
2.2. In situ X-ray powder diffraction NagAlH g(w) obtained by wet-chemical synthesis consists of

larger crystals (>100 nm). This becomes apparent, especially
The in situ high-temperature X-ray diffraction data were for the main reflections in the range between 32 and“33.5
collected on a Stoe STADI P transmission diffractometer 26 for the ball-milled sample NgAIH g(b) where the single

ball-milled

X NaH wet-chemical

B o-Na,AlH, 30 31 32 33 34 35
(b) 2Theta/®

o—Na,AlH,(b)

ball-milled

o—-Na,AlH (w) .
" wet—cher-mcal ! ‘
28 32 36 40 44 48 52 56 60 65 56 57 58 59 60 61
(@) 2Theta/® (© 2Theta/®

Fig. 1. (a) Powder patterns of the starting materialgMid g(b) (top) and NgAIH g(w) (bottom) measured at room temperature. (b) Comparison of the different
FWHM for the sample prepared by ball-milling (top) and prepared by wet-chemical synthesis (bottom). The theoretical reflection positiond fralrutiate
structure data are marked by the vertical lines. (c) The resolution of the reflections in the range between 52@rsddiiterent for both materials according

to the different preparation methods.
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reflections cannot be resolvdeg. 1b shows an enlargement .

of this range for both samples together with the reflection " a-NaAlH,
positions (vertical lines) fo&-NagAlH g, calculated from the

structure data given bydtinebro et a[9]. For the ball-milled

sample the reflections are very broad and overlap, while for

the sample prepared wet-chemically the single reflections are

well resolved. The four reflections seem to be reduced to a

single one in the former sample, which can be misinterpreted 190°C/10h
as a structural change to higher symmetry. The use of the
reflection group in the range between 57 antél &Dis better
suited to identify changes in symmetry since the separation
of the reflections is much easier to observg( 1c). Due to

the different FWHM, the reflections form three groups for 180°C/10N

NagAlH g(w) and two groups for NgAIH g(b). ar_LF = .
Huot et al[10] claim the formation op-NazAlH ¢ by ball- o 3 & & D oo o

milling, which can be maintained even after the processing. oThetas®

The X-ray powder pattern shown by the authors is interpreted
as a mixture of- and B-NagAlHg. A closer check of the Fig. 3 In situ powder pattgrns of NalHg(w) collected at 180C every
reflections in the range between 57 and @@ and a com- 20 ™Min for 10h, and after this for 10 at 190.

parison with the theoretical pattern seemed to be advisablevery improbable that the sample obtained by these authors
to distinguish unambiguously between the two polymorphs. really consisted of a mixture of both polymorphs.

Even though no crystal structure refinementfgeNagAlHg

has been published up.to now, we assumecﬂh\é&_gAlHG is 3.1. Analyses of the sample prepared by the

isostructural to the cubic high-temperature cryolite structure. | ot_chemical method

Based on that assumption, we calculated a pattern for the
proposed-NagAlH g structure using the atomic coordinates
for the HT cryolite, whereas the fluorine positions were sub-
stituted by hydrogen atoms. The lattice parameter of R75
given by Bastide et a[3] for B-NagAlHg was used for the

simulation. The simulated patterns for both phases togetherprocesses from-NagAlH ¢ to B-NagAlH 6. As a first test, the

with the theoretic'al reflection positions are plottedrig. 2 thermodynamic stability of the material below the decompo-
From the comparison of the two _pa_ttern_s, it becomes_apparentsition temperature was analyzed. MonocliaidagAlH g(w)

that both polymorphs can be distinguished unambiguously. a5 heated to 180 with a heating rate of 1 K/min. The sam-
The symmetry change from monoclinieNagAlHe to cubic 516 \yas kept for 10 h at 18 meanwhile 30 in situ X-ray
B-NagAlH g is associated with a reduction of sevenreflections iftraction measurements were performed. After that time,
to one reflection for the cubic form in the range of 5760 o sample was heated to 19D and again XRD patterns
2. The diagram published by Huot et §10] exhibits two \yere recorded for 10 tH{g. 3). The refinement of the lattice
broad reflections in the range of 5768 instead of a single parameters at 19 shows an increase af and b-lattice
reflections as expected for cutBeNagAlHg. This makes it horametersTable 3 in comparison to the unit cell parame-

ters determined at room temperature. However, the structure
is stable and no decomposition is observed. During a temper-
AAAAA B-Na,AlH, ature treatment for 12 h at 22Q the decomposition o&-
NagAlH g starts after about 60 mir-{g. 4), whereas heating
to 250°C leads to an immediate decomposition of the sam-
ple (Fig. 5. In both cases-NagAlH g decomposes to NaH
and Al without a detectable formation pfNagAlHg. The in

Thus, up to now no experimental data are available show-
ing the formation and stability g§-NagAlH . In this work, in
situ high-temperature X-ray diffraction studies and DSC were
chosen as tools to investigate potential phase-transformation

— o-Na,AlH,

Table 1
Refined lattice parameters fefNagAlH s analyzed at different temperatures
NagAlH g(w) RT 180°C 210°C
a(A) 5.4073 (7) 5.4489 (7) 5.4455 (7)
— —E—— b (A) 5.5276 (7) 5.5384 (6) 5.5250 (7)
2 oTheta G c(A) 7.748 (1) 7.792 (1) 7.780 (1)
B(°) 89.69 (1) 89.86 (1) 89.63 (2)
. . ) . V (A3) 231.6 235.0 233.9
Fig. 2. Simulation of the powder patterns of boths®#H g polymorphs in Space group P2,/n P21/n P2./n

the range between 57 and°62y.
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Fig. 4. Insitu powder patterns of MalH g(w) collected at room temperature
(bottom diagram) and after heating to 2IDevery 20 min for 12 h.
1K/min

situ X-ray investigations were confirmed by DSC analyses.
In addition, a different decomposition behavior is observed
depending on the heating rate. Two exothermic signals at
about 228 and 327C at a heating rate of 1 K/min are shifted
to higher temperatures when a higher heating rate is applied
(Fig. 6). The signal at 228C is attributed to the decomposi-
tion of NagAlH g to NaH, Al and b according to Eq(1). The
subsequent decomposition of NaH is represented by the sec-
ondsignal. Heating the sample with a heating rate of 10 K/min Fig. 6. DSC curves for NgAIH g(w) heated with different heating rates.
leads to the formation of a shoulder at the low-temperature
side of the DSC signal indicating that another reaction takes
place before the decomposition of the hexahydroaluminate. As the result of these DSC experiments, the experimental
This thermal effect is even more pronounced when the heat-conditions for a new set of in situ XRD experiments were
ing rate is increased to 20 K/min. changeda-NagAlH g samples were heated to 250, 252, 255,
257 and 259C, respectively, with a heating rate of 20 K/min.
B o-Na,AlH, After reaching the respective temperatures, X-ray powder
X NaH patterns were recorded using a data acquisition time of only
¥ ° Al 60 s for each pattern. To analyze the kinetics of a possible
& x X transformation process and the decomposition of the hexahy-
droaluminate, the temperatures were kept constant and suc-
12h : cessive powder patterns were collected at that temperature.
After heating the sample to 25C, the powder pattern is
= = not different from the pattern collected at room temperature,
except for a slight @shift (Fig. 7a). The reflections mainly
belong toa-NagAlH g but already after 1 min at 25, small
amounts of NaH appear in the powder pattern. The intensity
of NagAlHg decreases while the contents of NaH and Al
increase and after 13 min the decompositioreéflagAlH g
— is completed. Tracing changes of the reflections between 57
and 60 20 show that the intensity of all reflections decreases
5 4 o o simultaneouslyvyithout any symmetry change{blagAll—! 6
D— In anther experiment, _the sample was he_at_e_d té’_ZEWIth
a heating rate of 1 K/min and a data acquisition time of 60 s

Fig. 5. Insitu powder patterns of NalH g(w) collected at room temperature ~ P€r pattern (data not shown here). In this Ca_-S%ANﬂG is
(bottom diagram) and after heating to %D every 20 min for 12 h. already completely decomposed after reaching°Za0
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Fig. 7. (a) In situ powder patterns of p&lH g(w) heated to 250C and kept
isothermally for 13 min. (b) In situ powder patterns ofdd¢H g(w) heated

to 255°C and kept isothermally for 13 min. (c) In situ powder patterns of
NagAlH g(w) analyzed for longer times at 250 and 2%5

The analysis of the data collected at 2&2(heating rate
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Fig. 8. In situ powder patterns of WalHg(w) collected at 259C.

flection positions remain more or less the same and only the
intensities decrease, a part of the reflections disappears almost
completely for the sample treated at 2%5 This cannot be
explained only by the decomposition of the hexahydroalumi-
nate. Obviously, a change of the crystal structure takes place,
which can be explained by a phase transformation from the
monoclinic to the cubic polymorph. The reflection at about
58 26 is very asymmetrical indicating an incomplete trans-
formation ofa-NagAlH g to B-NagAlH g. However, after a fur-
ther increase of the temperature to 287(not shown here)
and finally to 259C (Fig. 8), the shapes of the hexahydroa-
luminate reflections indicate a complete transformation into
the cubic high-temperature polymorph represented by a sin-
gle reflection at about 57°46. The main reflections of the
powder pattern collected after 1 min all belong to the cubic
B-NagAlHg. The high-temperature polymorph is stable only
for a few minutes before it decomposes completely to NaH
and Al. This phase transformation is reversible for a short
time as shown irFig. 9. Applying a heating and cooling
rate of 20 K/min, the phase transformation can be reversibly
repeated for several minutes prior to the complete decompo-
sition of the hexahydroaluminate. Because of the symmetry

20 K/min, data not shown here) exhibit the same results aschange from monoclinic to cubic, the expected reduction of

observed at 250C, namelya-NagAlHg decomposes with-
out any noticeable phase transformatioigtblagAlH . The
powder patterns of the sample analyzed atZ55how that
the decomposition of N#IHg is already completed after
keeping the sample for 5min at this temperatukig ( 7).

the number of reflections in the range 57<@0 to a single
peak (see alsbig. 2) is observed. The phase transformation
from a-NagAlH g to B-NagAlHg is indeed a very fast process
and therefore, rather difficult to trace. Arapid heating rate and
fast data acquisition are mandatory requirements to show the

However, before the complete decomposition of the hexahy- transformation. For slow heating rates and/or long data ac-
droaluminate is achieved, the group of reflections in the sig- quisition times, the transformation of tlke to the 3-form

nificant range between 57 and°6@9 exhibits a different
behavior than for the sample analyzed at 26QFig. 7c).
While for the sample treated isothermally at 28 the re-

is not measurable. This can have two possible explanations.
Firstly, for a slow heating rate, the-form decomposes di-
rectly to NaH and Al before the temperatures necessary for
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Fig. 10. DSC curves for Na\IHg(w) and NaAlHg(b), collected with a
heating rate of 20 K/min.

3.2. Analyses of the samples prepared by ball-milling

The question arises, if and how the preparation method
of the hexahydroaluminate and different particle sizes influ-
ence the formation of the high-temperature polymorph. The
comparison of the DSC curve obtained forad#H g(b) with

2Theta/* the curve of NgAlHg(w) (Fig. 10 collected with a heat-
Fig. 9. In situ powder patterns of NalH s(w) collected at differenttemper-  ING rate of 20 K/min shows two different features. Firstly,
atures for 60's each. the decomposition starts at lower temperatures and secondly,

the decomposition signal for NAIHg(b) consist of three

signals instead of two signals as observed fogMNH g(w).
the transformation to thB-form are attained. Secondly, the These observations are corroborated by in situ X-ray investi-
transformation already has taken place but due to the slowgations, which show a different decomposition behavior for
heating, this process is already finished and the decomposithe two materials. The decomposition ofH (b) to NaH
tion has started before it was possible to analyze the phaseand Alis already visible at 24C, but the powder patterns do
transformation. not indicate a phase transformation@aNagAlHg. Already

The experimental results obtained for I¥éH g(w) can after 1 min at 250C, the transformation from-NagAlH g(b)

be summarized as follows. Well below the decomposition to B-NagAlHg(b) took place Fig. 11a). This is different to
temperature, the parent material is stable even if kept isother-NagAlH g(w) where no phase transformation was observed at
mally for 10 hat 190C. Increasing the temperature to 210D 250°C. As indicated byFig. 9, the equilibrium transforma-
(heating rate 1 K/min), which is about 2Q below the de- tion from a- to B-NagAlH g lies between 250 and 25T for
composition temperature of 23Q, already decreases the the wet-chemically synthesized sample. For the ball-milled
stability of the material. After 60 min at 2XC, the decom-  sample, the transformation already occurs atZ5{hdicat-
position of NaAlHg(w) to NaH and Al starts. Heating the ing that not only the kinetics, but also the thermodynamics
sample to 250C (heating rate 1 K/min) leads to the immedi- is different to the wet-chemically prepared sample. The rea-
ate decomposition of N&IH g(w). A different picture canbe  son for this could be either changes of the surface energy of
drawn for the samples heated with rates of 20 K/min. Below a the smaller particles, or a more easy decomposition to NaH
certain temperature,-NagAlHg(w) decomposes to NaH and  and Al in these small particles as the driving force for the
Al without a detectable phase transformation to fhrm. transformation. The X-ray observation confirms the DSC re-
At a specific temperature, a phase transformation from the sult that the transformation for NAIH g(b) starts at lower
a-form to theB-form takes place, followed by a very fast temperatures. Another difference to 8Hg(w) is the sta-
decomposition to NaH and Al. Despite the fast decomposi- bility of B-NagAlH g keeping the sample isothermally. Even
tion, we were able to record the reversibility of the phase after keeping the sample for 13 min at 2%7, the composi-
transformation by in situ X-ray diffraction experiments. If tion to NaH is still not completedvig. 11b). This shows that
a-NagAlH (W) decomposes directly to NaH and Al, the sta- the polymorpt-NagAlH g(b) is much longer stable before it
bility of hexahydroaluminate is higher. If prior to the decom- decomposes completely comparedptdNagAlH g obtained
positionB-NagAlH g(w) is formed, the phase transformation from NagAlHg(w). This is also shown in the comparison
runs faster. of the powder patterns for both samples,sN#d g(w) and
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Fig. 11. In situ powder patterns of the ball-milled sample analyzed isothermally at (a) 250 and (k). 257
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Fig. 12. Comparison of the in situ powder patterns of (a) ball-millegMds and (b) NaAlH synthesized by wet-chemical method collected at“Z59

NagAlH g(b), kept for a longer period isothermally at 259 rates and a very fast data acquisition. For slow heating rates

(Fig. 12. and/or long data acquisition times, the transformation of the
Inconclusion, it can be stated that the preparation has somex- to theB-form is not measurable. The preparation has some

influence on the stability of both polymorphic forms, which influence on the stability of both polymorphic forms, which

most probably originates from different particle sizes of the most probably originates from different particle sizes of the

parent samples. For the ball-milled ddH g(b), the phase  parent samples.

transformation from the- to thep-form starts at lower tem-

peratures. This can be expected since smaller particles and/or

lower crystallinity of the structure due to the milling proce- References
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