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Decomposition pathway of KAIH, altered by the addition of Al,S;3

Drew A. Sheppard,*? Lars H. Jepsen,”c Matthew R. Rowles,¢ Mark Paskevicius,? Torben R. Jensen °
and Craig E. Buckley?

Altering the decomposition pathway of a potassium alanate, KAIHs4, with aluminium sulfide, Al.Ss, presents a new
opportunity to release all of the hydrogen, increase the volumetric hydrogen capacity and avoid complications associated
with the formation of KH and molten K. Decomposition of 6KAIH4-Al;S3 during heating under dynamic vacuum began at 185
°C, 65 °C lower than for pure KAIHs, and released 71% of the theoretical hydrogen content below 300 °C via several unknown
compounds. The major hydrogen release event, centred at 276 °C, was associated with two new compounds indexed with
monoclinic (a = 10.505, b = 7.492, ¢ = 11.772 A, B = 122.88°) and hexagonal (a = 10.079, ¢ = 7.429 A) unit cells, respectively.
Unlike the 6NaAlH2-Al:Ss system, the 6KAIHa-Al:Ss system did not have MsAlHg (M = alkali metal) as one of the intermediate
decomposition products nor were the final products M.S and Al observed. Decomposition performed under hydrogen
pressure initially followed a similar reaction pathway to that observed during heating under vacuum but resulted in partial
melting of the sample between 300 and 350 °C. The measured enthalpy of hydrogen absorption (AHabs) was in the range -
44.5 to -51.1 kJ/mol-H,, which is favourable for moderate temperature hydrogen applications. Although, the hydrogen
capacity decrease during consecutive Hz release and uptake cycles, the presence of excess amounts of aluminium allow for

further optimisation hydrogen storage properties.

Introduction

Storing hydrogen in a safe, compact and efficient manner is a
barrier to its widespread use as an energy carrier. Hydrogen can
be stored in the solid state as metal hydrides, which incorporate
classes of compounds such as: simple saline hydrides (e.g. NaH,
MgH, etc); metallic and intermetallic hydrides of transition
metals (e.g. LaNisHg, TiH2) and; complex hydrides, such as
alanates (anions of AlH; or AlHg3"), amides/imides (anions of
NH>" or NHZ") and borohydrides (anions of BHy). 18 One of the
attractions of complex metal hydrides, in particular, is that they
readily undergo cation and anion substitution® which provides
an easy means of altering their properties. As a result, complex
metal hydrides are now being investigated as solid-state
electrolytes,1%12  high-capacity anodes in batteries,12-16
photovoltaic materials,'” magnetic refrigeration materials8 and
luminescent materials for optoelectronic applications.1?

However, interest in metal hydrides extends far beyond the
challenging requirements of hydrogen storage for fuel-cell
vehicles and includes their use as thermal storage materials for
concentrating solar power plants 2031 and as hydrogen storage
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materials for stationary fuel cells > 163234 Recent research into
metal hydrides now extends well beyond their ability to store
hydrogen and includes exploring their potential in a wide range
of energy related applications based on a number of unique,
unexpected and only recently discovered properties #1735, The
potential of using metal sulphides as solid-state electrolytes 36
37 as cathode materials in metal-sulphur batteries 38 and as
heterogeneous catalysts 3°41, means the interest in the KAIH;-
Al;S3 system extends beyond just its potential for hydrogen
storage. The discovery of new sulphur containing hydride
phases provides potential for a rich new area of materials
research. Determination of the hydrogen bonding environment
in these compounds may lead to the design and optimisation of
new materials. For example, research on the interaction
between alkali metal borohydrides and pure sulphur 42 has led
to the development of solution-stable sulphurated
borohydrides, such as NaBH,S3 43 and Ca(BH,S3),,** as selective
reducing agents for organic syntheses. Investigation of the
destabilisation of KAIH4 by Al,Ss is a step along this path to new
sulphur containing hydride phases with novel properties.
Alanates of light alkali metals (M = Li or Na) release hydrogen in
a multistep process, Equation 1 - 3.

3MAIHs <> M3AIHg + 2Al + 3H, (1)
MsAlHg <> 3MH + Al + 1.5H, (2)
3MH <> 3M + 1.5 H, (3)

However, the thermodynamic properties of KAIH; and its
decomposition pathways are less straightforward. The reported
experimental enthalpy, HP, of KAIH4 varies between -167.0
kJ/mol 4546 and -183.7 kJ/mol 47 while the entropy, S°, has been
reported as 129 J/mol-Hy-K 46 and 112.9 J/mol-Hy-K 48,
respectively. Even the exact decomposition pathway of KAIH4
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has not been fully clarified. Techniques that employed variable
temperature, such as differential scanning calorimetry 4° or in
situ synchrotron X-ray diffraction,>® showed that it did not
decompose via the hexalanate, MsAlHg, like the lighter alkali
metals. However, KAIH, investigated at constant temperature,
using pressure-composition-isotherm measurements, showed
two pressure plateaux °! consistent with the two-step
decomposition process of Eq. 1 and Eq. 2.

Sodium alanate, NaAlHg, is thermodynamically destabilised by
its reaction with Al,Ss3, showing promising kinetics and hydrogen
reversibility without a catalyst 52. The reaction in the system
6NaAlH,4-AlLS; was predicted using thermodynamic software to
be a single-step process forming Na,S and Al. However, detailed
experimental investigations reveal that the reaction between
NaAlH,4 and Al,S;5 followed a complex multi-step decomposition
pathway 46,

Here we extend our investigations to include potassium
aluminium alanate, i.e. 6KAIH4-AlSs, which could potentially
have a hydrogen capacity of 4.2 wt% and a volumetric hydrogen
capacity of 58.5 kg Ha/m3. This still compares well to pure KAIH,,
i.e. pm=4.3 wt% and py = 53.4 kg Ho/m3.

Experimental
Synthesis

All handling and storage of chemicals was performed in argon-
filled glove-boxes equipped with circulation purifiers. Sample
preparation: Small chunks of Al,S; (98%, Sigma-Aldrich) were
ball milled using a Fritz Pulveritsette 4 planetary ball mill, a
tungsten carbide (WC) vial (80 mL) and 10 mm diameter balls in
a ball-to-powder (BTP) mass ratio of 15:1. The powder was ball-
milled at 300 rpm for 2 min followed by a 2 min break with this
sequence repeated 60 times. Synthesis of KAIH, was performed
as reported previously.>0 Briefly, potassium hydride, KH, 30 wt%
dispersion in oil (Sigma-Aldrich) was washed and filtered with
diethyl ether and dried. Aluminium powder (99.99 %, Sigma-
Aldrich) and dried KH (1:1 molar ratio) were ball milled using a
Fritz Pulveritsette 4 planetary ball mill, a WC vial (80 mL) and 10
mm diameter balls in a BTP ratio of 30:1. The powder was ball-
milled at 380 rpm for 5 min intervened by a 2 min break and this
sequence was repeated 24 times. The ball-milled powder was
subsequently heated at 270 °C for 59 h in hydrogen, p(H;) =175
bar. KAIH;-Al,S5 (6:1 molar ratio) was ball-milled at 250 rpm for
2 min followed by a 2 min break with this sequence repeated 60
times using a Fritz Pulveritsette 6 planetary ball mill, a WC vial
(80 mL) and 10 mm diameter balls in a BTP ratio of 15:1. The
XRD patterns of the Al,Ss starting reagent and the ball-milled
6KAIH4-Al,S3 are also included in Figure S1. Note that the milling
vial and balls can introduce minor quantities of WC into the
samples.

Characterisation

In situ Synchrotron X-ray Diffraction (in situ SXRD): In situ SXRD
data was collected at Beamline 1711 at the MAX-Il synchrotron
in the research laboratory MAX-lab, Lund, Sweden with a
MAR165 CCD detector system. The samples were packed in a
sapphire (Al>03) single-crystal tube (1.09 mm o.d., 0.79 mmi.d.)
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using a specially designed sample holder 3. The wavelength
employed was A = 0.9941 A for pure KAIH,; and 0.9904 A for both
6KAIH4-Al>S; samples. The heating rates used were 6.4 °C/min
for pure KAIH; heated under vacuum, 7.1 °C/min for 6KAIH,-
Al,S3 heated under vacuum and 4.9 °C/min for 6KAIH4-Al>S3
heated under 7 bar of H; pressure. All patterns, including the ex
situ ones collected with the laboratory-based instrument, were
converted to g-range for ease of comparison. The relation
between direct space (8 and d) and reciprocal space (q) are g =
4amtsin(8)/X, where 209 is the scattering angle, and g = 26/d,
respectively. All in situ data contains a large sloping background
originating from the capillaries. To improve visual clarity, the
background scattering of the room temperature pattern was
fitted and subtracted from each in situ data set and the
intensities were plotted on a logarithmic scale. High-resolution
data were also collected for a sample of 6KH-AI,S3 at the Swiss-
Norwegian Beamline (SNBL), ESRF, Grenoble, France, with a
Pilatus area detector using a wavelength of A = 0.68134 A. This
sample was used to index the major unknown phases seen
during 6KAIH4-Al,S;s decomposition. Diffracted Intensities from
individual compounds are extracted qualitatively from well
resolved, selected Bragg peaks.

Ex situ Laboratory-based X-ray Diffraction (ex situ XRD): Ex-situ
XRD patterns of KAIH4 and hydrogen cycled 6KAIH4-AlLSs were
measured on a Rigaku Smart Lab diffractometer using a Cu
source and a parallel beam multilayer mirror (Cu Kal radiation,
A =1.540593 A). Data were collected in the 26-range 10 to 60°.
All air-sensitive samples were mounted in 0.5 mm glass
capillaries sealed with epoxy within a glove-box.

Temperature Programmed Desorption Mass Spectrometry
(TPD-MS): TPD-MS was performed on two samples: pure KAIH,
and KAIH, - Al;S3 (6:1 molar ratio) at a heating rate of, AT/At =
5 °C/min. The samples (approx. 5 mg) were placed in an Al
crucible and heated from 50 to 500 °C (AT/At = 5 °C/min) in an
argon flow of 20 mL/min. The gaseous species released during
thermal ramping were analysed for release of H, (and H5S for
the sulphur containing phases) by a Hiden Analytical HPR-20
QMS sampling system. Hydrogen was the only detectable gas in
TPD-MS measurements and no H,S release (m/z = 34) was
recorded unless samples were first exposed to air/moisture.
Sieverts Data: Hydrogen desorption/absorption measurements
were undertaken on custom built Sieverts instrument. Pressure
was monitored using Rosemount 3051S pressure transducers
and sample temperature was monitored internally using a K-
type thermocouple. The ambient volume and temperature of
the Sieverts instrument was ~27 cm? and ~27 °C, respectively
while the non-ambient volume of the sample reactor was ~5
cm3. Approximately 50 - 100 mg of 6KAIH4-Al,S; was heated

This journal is © The Royal Society of Chemistry 20xx
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Figure 1: (a) In situ SXRD data of 6KAIH, - Al,S; performed under vacuum (AT/At = 7.1 °C/min), (b) summary of sample composition as a function of temperature extracted from
the in situ SR-XRD data where bar widths are a qualitative indicator of phase fractions. (c) Hydrogen release measured by TPD-MS (m/e = 2) of 6KAIH;-Al,S3 (AT/At = 5 °C/min).

from RT to 515 °C (AT/At = 5 °C/min) and then the temperature
was kept constant at 515 °C for between 20 mins and 4 h under
the evolved hydrogen pressure that varied between ~0.5 and
~1.5 bar depending on the sample mass and degree of
rehydrogenation. Rehydrogenation was undertaken by loading
a volume with 400 bar of H, at RT and then performing an
isothermal absorption at 300 °C for 6 hours (pressure ~430 bar).
Temperature Programmed Photographic Analysis (TPPA): TPPA
54-58 was performed using a digital camera and a specially
designed sample holder whilst heating the sample at, AT/At=3
°C/min from RT to 500 °C. A sample of 6KAIH4-Al,S; was sealed
under argon in a glass vial connected to a 1 bar blow-off valve
to maintain atmospheric pressure. A thermocouple was in
contact with the sample within the glass vial to monitor
temperature during heating. To examine the effect of hydrogen
back-pressure on the system, a second sample of 6KAIH;-Al,S;3
was sealed under a H; pressure of ~4 bar at room temperature
and heated at AT/At = 5 °C/min. This H, pressure increased to
~9 bar by the time the sample reached 430 °C. The glass vial was
encased within an aluminium block with open viewing windows
for photography, to provide near-uniform heating by rod
heaters, interfaced to a temperature controller.

Safety warning: Handling of these samples comprises a number
of safety hazards. KAIH, reacts violently with water and may
spontaneously combust in air. The presence of trace amounts
of metallic K or KH in KAIH4 and its decomposition products can
form explosive potassium superoxides that may detonate with
minor friction or heat. It is recommended that KH, KAIH; and
K3AIHg should be synthesised fresh when needed, stored under
stringent inert atmosphere conditions, not stored in the
decomposed state, and that any excess solid should be

This journal is © The Royal Society of Chemistry 20xx

destroyed immediately after use 59 59, Exposure of Al,S; (and
metal sulfides in general) to water or atmospheric moisture can
release toxic hydrogen sulphide gas, H5S.

Results and Discussion
Characterisation of 6KAIH, - Al,S3 decomposed under vacuum

In situ SXRD and TPD-MS measurements were performed on
pure KAIH4 and the results are shown in Figure S2 while selected
diffraction patterns are shown in Figure S3. The observed
decomposition for KAIH4 was similar to previous investigations
50 and involve three unknown compounds, henceforth referred
to as PK-1, PK-2 and PK-3, in addition to Al and KH (see Figure
S2b).

In situ SXRD patterns collected under vacuum during heating of
6KAIH4-AlLS; and corresponding sample composition analysis
and TPD-MS results are presented in Figure 1 (a), (b) and (c),
respectively. Individual SXRD patterns for selected
temperatures are presented in the supporting information,
Figure S4. The in situ SXRD data, Figure 1(a), shows that there
are 6 unidentifiable compounds (referred to as KAIS-1 to KAIS-
6, respectively) that occur between 184 and 500 °C associated
with the reaction between KAIH; and Al,S; and that the high-
temperature cubic polymorph of KHS €0 61 glso briefly exists
between 235 and 263 °C. The unknown phases do not
correspond to those observed during in situ SXRD
decomposition of pure KAIH4 nor do they correspond to any
known combination of K, Al and S including K,S, dipotassium
polysulphides, Al;S; polymorphs, KAIS; or K;S.10Al,S3.62
TPD-MS of 6KAIH4-AlLSs is presented in Figure 1(c). Like the
6NaAlH;-AlLS3 system 52, H, release from the 6KAIH;-Al>S;3
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Figure 2: (a) In situ SXRD of 6KAIH;-Al,S; performed in p(H,) = 7 bar (AT/At = 4.9 °C/min) and; (b) sample composition as a function of temperature extracted from the in situ
SXRD data (Figure 2a) where bar widths are a qualitative indicator of sample phase fractions.

system occurred in multiple steps with initial H, desorption
beginning at ~180 °C,, which is ~70 °C lower than for pure KAIH,.
The maximum rate of H; release for the first desorption event
occurred at 225 °C and corresponded to the consumption of the
majority of the KAIH4 and Al,S3 and the formation of KAIS-2. The
second H; desorption event, centred at 253 °C in the TPD-MS,
can be associated with the decomposition of KHS but, due to
the resolution limitation and high degree of peak overlap, a
decomposition product cannot readily be identified. The
strongest TPD-MS H, desorption event, centred at 276 °C,
corresponds to the decomposition of KAIS-2 and formation of
KAIS-4. At the same time there was a noticeable decrease in the
background scattering intensity between g ~ 1.2 - 1.65 A%, Such
background changes can often be associated with the changes
in the crystallinity of a compound (e.g. amorphous solid <>
crystalline solid or solid «> liquid transformation) 3. The
unknown compound KAIS-2 was indexed using TOPAS %% in a
monoclinic space group, P21/c, with lattice parameters of a =
10.505(3), b = 7.492(2), ¢ = 11.772(3) A and B = 122.88(2)° and
vV =778.1(2) A3. KAIS-4 was indexed in hexagonal unit cell (space
group P31c) with lattice parameters of a = 10.0787(3), ¢ =
7.4294(4) A and V = 653.57(3) A3,

TPD-MS, Figure 1(c), reveals that all of the H; is released from
the sample below a temperature of 360 °C suggesting that the
phases observed at temperatures above 360 °C only relate to
reactions or phase transitions and not
decomposition particular, the
mechanism of KAIS-5 can only be explained by one of two
possibilities: (1) KAIS-5 forms as a reaction between the minor

solid-state

reactions. In formation

unknown phase KAIS-3 and the major unknown phase KAIS-4
since these both decrease concurrently or; (2) that KAIS-5 is the

4| J. Name., 2012, 00, 1-3

result of a solid-state phase transition from KAIS-4. Prior to the
appearance of KAIS-5 at ~400°C, the KAIS-4 peaks at g values of
~2.928 and 3.193 A1 (d ~ 2.146 and 1.968 A) undergo a sharp
increase in g value in excess of that due to thermal expansion.
At the same time, the peaks at g~ 3.282 and 3.438 A1 (d ~ 1.914
and 1.828 A) undergo a sharp decrease in g value that is in
contradiction to their thermal expansion below 390 °C (selected
data range of Figure 1 is enlarged in Figure S5). The Al peak
intensities also stay constant during the formation of KAIS-5,
which indicates that metallic Al is neither consumed nor
produced.

By considering the in situ SXRD peak intensities in conjunction
with TPD-MS data it is possible to conclude that the two major
compounds, KAIS-2 and KAIS-4, are the primary ones involved
with hydrogen release. This is similar to the 6NaAlH4-Al;S;
where the hydrogen desorption reactions could primarily be
attributed to only two compounds >2. Two other major
similarities were observed between the 6KAIH4-Al,S; and
6NaAlH;-AlLS3 systems. The first was the fleeting appearance of
the alkali hydrosulphide. In the potassium-based system, KHS
existed in a ~30 °C temperature range that began from 235 °C
while in the sodium-based system, NaHS existed in an ~18 °C
temperature window that began at 140 °C. The second
similarity was that both the potassium- and sodium-based
system achieved the goal of releasing all of hydrogen contained
within the samples at a lower temperature than the respective
alkali metal alanates while avoiding the formation of the
corresponding alkali metal hydrides and, subsequently, their
molten alkali metals. The most significant difference between
the alkali metal-based systems was that, unlike the sodium-
based system, the final decomposition products in the

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: TPPA of 6KAIH,-Al,S; heated under an initial H, pressure of 4 bar (AT/At = 5 °C/min).

potassium-based system were not the alkali metal sulphide,
M.S, and metallic Al. This would suggest a fundamental
difference in relative stability of the compounds in the
respective alkali metal-Al-S phase diagrams.

Characterisation of 6KAIH4-Al,S; decomposed under H, pressure

The presence of a hydrogen back-pressure is known to change
the decomposition pathway in some complex hydride systems
4. For example, in LiBHs mixed with rare-earth hydrides a
hydrogen back-pressure promotes the formation of the
preferred metal boride during decomposition . Thus, a
hydrogen pressure during thermolysis can facilitate formation
of metal borides, release of hydrogen and suppress release of
diborane, B;He 6. As such, the decomposition pathway of
6KAIH4-AlLS3 was examined by in situ SXRD during heating to
500 °C in p(Hz) = 7 bar. The in situ SXRD data and the sample
composition as a function of temperature are presented in
Figure 2(a) and 2(b), respectively. Selected features of the in situ
SXRD data at T > 350 °C are accentuated by a different colour
scale in the supporting information, Figure S6(a), while
individual SXRD patterns for selected temperatures are also
presented in the supporting information, Figure S6(b).

There are some similarities as well as striking differences
between the in situ SXRD data of 6KAIH4-AlLS; heated at p(H;) =
7 bar compared to that heated under vacuum. The similarities
include the initial phases that form, KAIS-1, KAIS-2 and KAIS-3,
during reactions between KAIH; and Al,Ss, but under H;
pressure they form at higher in temperatures, AT ~ 30 °C, than
they do under vacuum. The most dramatic difference is that for
the sample heated at p(Hz) = 7 bar, there is clear transition to a
molten or amorphous state that begins slowly at ~320 °C and
accelerates between 345 - 370 °C. Above g ~ 0.94 A1 (d = 1.06
A) there is a pronounced decrease in the background intensity
centred at g ~1.65 A (d = 3.81 A) while below g ~ 0.94 A-1 there
is a pronounced increase in background intensity with a broad

This journal is © The Royal Society of Chemistry 20xx

hump centred at g ~ 0.5 A (d = 12.57 A). The hump centred at
g ~ 0.5 A1 may be easier to see in the individual pattern
presented in Figure S6(b). The d-spacing associated with this
hump is substantially larger than that for molten potassium (g ~
1.60 A, d = 3.93 A) observed during the in situ heating of pure
KAIH4 and indicates that a different compound melted. After
this event, the peak intensities of the impurity WC and Al are
substantially reduced in intensity, most likely be attributed to
some of the molten sample migrating out of the X-ray beam.

Temperature Programmed Photographic Analysis of 6KAIH;-Al,S3

To gain insight into the anomalous behaviour of the in situ SXRD
sample heated under a back-pressure of H,, TPPA analysis was
performed on 6KAIHs-Al,S;s conducted in both argon and
hydrogen atmosphere and images at selected temperatures are
shown in Figure 3 and Figure 4, respectively. The full time lapse
videos can be found in the supporting information. TPPA
performed under argon showed only subtle volume changes in
the powder sample before a gradual colour change from grey to
black that began at ~360 °C and was complete by ~450 °C. TPPA
performed under an initial H, pressure of ~4 bar (Figure 4)
showed subtle changes with temperature. Between 260 and
292 °C, the sample showed a significant volume contraction that
could be correlated to the two-step consumption of KAIH, and
Al,S; and formation of the unknown phases observed over a
similar temperature range during in situ SXRD, Figure 2(a). A
slow decrease in volume began between ~340 and 360 °C,
accelerated between 360 and 400 °C, and then slowly continued
up to a temperature of ~420 °C. These changes also mirrored
those seen for the major phases, KAIS-2 and Al, observed during
the corresponding in situ SXRD measurement.

Rehydrogenation Properties of KAIH4-Al,S3

The 6KAIH;-AlLS; was heated (AT/At =5 °C/min) in an evacuated
Sieverts instrument to assess the quantity of hydrogen
released. During the first desorption, 6KAIH4-Al,S; released 3.6

J. Name., 2013, 00, 1-3 | 5
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Figure 5: (a) Sieverts type measurement of gas release during heating of 6KAIH,-
Al,S;3 (AT/At = 5 °C/min) showed as the equivalent amount of H, (wt%) desorbed
over three consecutive cycles of hydrogen release and uptake and; (b) derivative
of data in (a) that shows the rate of gas (H,) release as a function of temperature.

wt% of H, before reaching 515 °C and another 0.3 wt% when
held at this temperature for 4 hours, Figure 5(a). This
corresponds to ~93% of the theoretical hydrogen content and
falls within the practical capacity range observed for other
metal hydrides. For example, 6NaAlH;-Al,Ss, NaMgHs and
Mg,FeHs 24 52 67 desorbed ~96%, ~83% and ~91% of the
theoretical capacities, respectively. Two subsequent desorption
cycles were performed after rehydrogenating the sample under
430 bar of hydrogen at 300 °C for 6 hours. The second
desorption cycle showed a reduction in the H, capacity to 2.7
wt% and the 3rd desorption cycle shows a further decrease in
the H; capacity to 1.9 wt%. The rate of hydrogen release, Figure
5(b), shows the first desorption cycle is similar in appearance to
the TPD-MS measurement, Figure 1(c), but with the H,
desorption peaks shifted to slightly higher temperatures due to
the back-pressure of evolved H; (p(H2) ~ 1.56 bar at 515 °C). The
second and third desorption cycles are distinctly different in
form to the 15t desorption cycle but are qualitatively similar to
each other. In these cases there are main desorption events
centred at between 250 and 275 °C with two smaller desorption
events occurring just above 400 °C. The slight decrease in the
temperature of the H, desorption peaks for the 3t cycle can
most likely be attributed to the smaller amount of sample used
in this measurement and the lower hydrogen pressure evolved.

6 | J. Name., 2012, 00, 1-3

To gain an insight into the rehydriding process, ex situ XRD was
performed on samples after the application of various
desorption and absorption conditions, Figure 6. Figure 6(a)
shows the ex situ XRD pattern of the 6KAIH4-Al,S3 sample from
Figure 5(a) that had been cooled under its own evolved
hydrogen pressure after decomposition at 515°C. Only peaks
from KAIS-4 and Al can readily be identified. The in situ SXRD
performed under vacuum, Figure 1(b), showed that KAIS-4
disappeared between ~370 and 425°C with the corresponding
appearance of KAIS-5. The presence of KAIS-4 observed at
room-temperature after TPD measurements up to 515 °C is
further evidence of a reversible solid-state phase transition
between KAIS-4 and KAIS-5. Figure 6(b) shows a 6KAIH;-Al,S3
sample hydrided for 6 h at a temperature of 300 °C and 430 bar
of H, pressure after having previously been decomposed at 500
°C. This revealed that KAIH4 was regenerated after the hydriding
process but that the other starting reagent, Al,Ss, was not. In
fact, no sulphur containing compounds could be identified while
a significant quantity of Al metal and two weak peaks (g ~ 2.178
and 2.575 A1, d~2.884 and 2.440 A) from an unidentified phase
were also present. If the two weak peaks are excluded then
from Rietveld refinement the mass fraction of KAIH; and Al in
the rehydrided product was 0.543 and 0.456, respectively. This
corresponds to a molar ratio of KAIH,4 to Al of 1:2.18 (+0.04). If
KAIH; was responsible for all the H, released during the 3rd
desorption then the molar ratio of KAIH4 to Al would need to be
1:1.87. This means that to account for the observed hydrogen
release during the third desorption cycle there must be another
hydrogen containing phase in the unknown phase or in an
amorphous phase. This strongly suggests that the absorption
process does not follow the original desorption process and that
the reversible capacity may be substantially improved by
adjusting the ratio of the starting reagents to minimise the
amount of inactive Al. Additional research into the impact of
molten phases formed during desorption under H; pressure is
also required. Segregation of products in the molten phase
could contribute to a reduction in H; capacity but, in some
cases, hydriding above the melting point improves reversibility.
For example, starting from Na, Al and gaseous H,, the original
uncatalysed formation of NaAlH4

temperatures above its melting point 8.
In contrast to a decomposed 6KAIH4-Al,S; sample hydrided at
300 °C and p(Hz) = 430 bar, samples rehydrided at lower
pressures, T = 300 °C and p(H2) = 80 or 107 bar, were almost
entirely composed of the unknown phase KAIS-2 and Al, Figure
6(c). Only two small peaks positioned at g ~ 2.006 and 2.540 A1
(d = 3.132 and 2.474 A, respectively), could not be identified.
After 4 cycles of hydrogen release and uptake, utilising T =300
°C and p(H;) = 80 bar for absorption, the hydrided sample,
Figure 6(d), showed noticeable changes in the products formed
compared to those observed after the first absorption cycle. In
addition to the KAIS-2 phase, the room-temperature
rhombohedral polymorph of KHS (space group: R-3m,
hexagonal setting, stable up to 148 °C) 61 was present in addition
to unidentified peaks located at g ~ 1.135, 2.268 and 2.569 A-!
(d=5.536,2.770 and 2.446 A). Based on the reported enthalpies
of desorption for KAIH4 (AHges = 70 ki/mol-H; for Eq. 1; AHges =

was performed at

This journal is © The Royal Society of Chemistry 20xx
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Figure 6: X-ray diffraction patterns of: (a) the 6KAIH;-Al,S; sample after TPD to 500 °C in a closed Sieverts instrument that began under static vacuum and was cooled under its
evolved hydrogen pressure; (b) a decomposed sample of 6KAIH;-Al,S3, using the sample conditions as (a), that was rehydrided for 6 h at T= 300 °C and p(H,) = 430 bar; (c) the
sample from (a) that was hydrided for 10 h at T =300 °C and p(H,) = 80 bar; (d) the sample from (a) after the 4" hydriding at T = 300 °C and p(H,) = 80 bar.

81 kJ/mol-H; for Eq. 2) and the entropies of desorption (ASges =
128.7 J/mol-Hy-K for Eq. 1; ASges = 128.1 J/mol-Hx-K for Eq. 2)
derived from the reported H, equilibrium plateau pressures at
355 °C 51, the corresponding H3 equilibrium pressures at 300 °C
for the KAIH, decomposition reactions corresponding to Eq. 1
and Eq. 2 were calculated as ~2.2 and 0.2 bar, respectively. Due
to the fact that the final decomposition reaction products could
only be rehydrided to KAIS-2 using 107 bar of H, pressure at 300
°C, and that a pressure of 430 bar of H; at this temperature was
required to regenerate KAIH,4, indicates that Al,Ss successfully
acts as a thermodynamic destabilising agent. The hydrogen
absorption conditions used also provide boundaries for the
reaction enthalpy between KAIH; and the products of KAIS-2
and Al. If the entropy is assumed to be similar to that for pure
KAIH; decomposition, ASabs = -128 J/mol-Hy-K, then AHges =
T-ASabs — R-T-IN(Po/Pabs), where R = 8.3145 J/mol-K. Using a
temperature of 573.15 K (300 °C) and H; pressures of 107 and
430 bar, respectively, results in AHaps between -44.5 and -51.1
kJ/mol-H..

Conclusions

This journal is © The Royal Society of Chemistry 20xx

The reaction mechanism for hydrogen release and uptake of
potassium alanate, KAIH4, was successfully changed by the
addition of Al,S; and the formation of KH and molten K avoided.
This work reveal new opportunities to release all of the
hydrogen in the composite, increase the hydrogen capacity and
optimise the thermodynamic properties. Similar to the
6NaAlH;-AlS; system, the decomposition of 6KAIH4-AlS;s
occurred through a number of previously unknown compounds
but, unlike the 6NaAlH4-Al,S3 system, the final decomposition
products were not an alkali metal sulphide and aluminium
metal. During heating up to 515 °C, the 6KAIH-Al;S; system
released ~92 % of the theoretical hydrogen capacity but
subsequent desorption cycles showed reduced capacity and a
change in the decomposition pathways. Analysis of the
rehydrided material
aluminium that indicates that reversible hydrogen capacity can

showed a large excess of metallic
be improved through optimisation of the starting reagent
ratios. Heating 6KAIH4-Al;S3 under a hydrogen atmosphere
showed that the intermediate decomposition product, denoted
KAIS-2, underwent melting in the temperature range 300 to 350
°C and the effect this molten phase has on the reversibility of
the system requires further investigation. Moreover,
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decomposition of 6KAIH4-Al,S; during heating under dynamic
vacuum began at 185 °C, which is 65 °C lower than for pure
KAIH4, and released 71% of the theoretical hydrogen content
below 300 °C. The hydrogen release occurred through multiple
unknown compounds. Despite some unknown crystalline
compounds, the reversibility of hydrogen release shows
promise for technical applications. Unlike the 6NaAlH4-Al,Ss3
system, the 6KAIH4-Al>S5 system did not have M3AlHg (M = alkali
metal) as one of the intermediate decomposition products nor
were the final products M,S and Al observed. Decomposition
performed under hydrogen pressure initially followed a similar
reaction pathway to that observed during heating under
vacuum but resulted in partial melting of the sample between
300 and 350 °C. Although, the hydrogen capacity decrease
during consecutive H; release and uptake cycles, the presence
of excess amounts of aluminium allow for further optimisation
hydrogen storage properties. The measured enthalpy of
hydrogen absorption (AHabs) was in the range -44.5 to -51.1
kJ/mol-H,, which is favourable for moderate temperature
hydrogen applications. This study has revealed the complexity
of sulphur chemistry during interactions with alkali metals and
hydrogen and simultaneously open new prospects for
optimisation of the present alanate-aluminium sulphide type
composite and design and discovery of novel types of reactive
hydride composites.
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