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ABSTRACT

In recent years, many solid-state hydride-based materials have been considered as

hydrogen storage systems for mobile and stationary applications. Due to a gravi-

metric hydrogen capacity of 5.6 wt% and a dehydrogenation enthalpy of

38.9 kJ/mol H2, Mg(NH2)2 ? 2LiH is considered a potential hydrogen storage

material for solid-state storage systems to be coupled with PEM fuel cell devices.

One of the main challenges is the reduction of dehydrogenation temperature since

this system requires high dehydrogenation temperatures (* 200 �C). The addition
of KH to this system significantly decreases the dehydrogenation onset tempera-

ture to 130 �C.On the one hand, the addition of KH stabilizes the hydrogen storage

capacity. On the other hand, the capacity is reduced by 50% (from 4.1 to 2%) after

the first 25 cycles. In this work, the particle sizes of the overall hydride matrix and

the potassium-containing species are investigated during hydrogen cycling. Rela-

tion between particle size evolution of the additive and hydrogen storage kinetics is

described by using an advanced synchrotron-based technique: Anomalous small-

angle X-ray scattering, whichwas applied for the first time at the potassiumK-edge

for amide-hydride hydrogen storage systems. The outcomes from this investigation

show that, the nanometric potassium-containing phases might be located at the

reaction interfaces, limiting the particle coarsening. Average diameters of potas-

sium-containingnanoparticles double after 25 cycles (from10 to 20 nm). Therefore,

reaction kinetics at subsequent cycles degrade. The deterioration of the reaction

kinetics can be minimized by selecting lower absorption temperatures, which

mitigates the particle size growth, resulting in two times faster reaction kinetics.
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Introduction

Hydrogen storage technologies can provide a solu-

tion to our environmental challenges, which are

caused mainly by our heavy reliance on hydrocar-

bons[1]. Compared to gaseous H2 storage at 700 bar

or liquid H2 storage at - 253 �C, amide-based solid-

state hydrogen storage devices have the advantage of

functioning at a moderate temperature (from r.t. to

200 �C) and pressure (below 100 bar). Chen et al. [2]

developed the first reversible amide-hydride hydro-

gen storage system. Li3N was claimed to be able to

store more than 10 wt% H2 based on the following

reaction:

Li3N + 2H2 $ Li2NH + LiH + H2 $ LiNH2 + 2LiH

ð1Þ

However, according to Eq. (1), the enthalpy of the

reaction of LiNH2 with LiH to form Li2NH is

66 kJ/mol H2, which is still too high for mobile

applications [3]. When Mg2? replaces Li? in LiNH2,

Mg(NH2)2 ? 2LiH system with better thermody-

namic characteristics is formed. This system pos-

sesses a gravimetric hydrogen capacity of 5.6 wt%

and—because of a dehydrogenation enthalpy of

38.9 kJ/mol H2—theoretically allows for hydrogen

desorption near 90 �C at 1 bar H2 [4]. The dehydro-

genation process occurs in two steps, as described in

Eqs. (2) and (3) [5]:

2Mg NH2ð Þ2 + 3LiH $ Li2Mg2(NH)3 + LiNH2 + 3H2

ð2Þ

Li2Mg2(NH)3 + LiNH2 + LiH $ 2Li2Mg(NH)2 + H2

ð3Þ

Despite the Mg(NH2)2 ? 2LiH system’s fascinating

thermodynamics, experimentally significant dehy-

drogenation rates can only be achieved at tempera-

tures above 200 �C due to severe kinetic barriers [6].

As previously stated, the dehydrogenation reaction

occurs in two steps. The poor reaction kinetics are

caused by species diffusion at the amide-hydride

contacts, as well as nucleation and development of

imide phases [7]. In order to accelerate the reaction

kinetics, several additives have been investigated so

far [8–15]. K-based compounds have consistently

been one of the most effective additives [16]. Wang

et al. [8] reported that the addition of 3 mol% KH

decreases the desorption temperature of

Mg(NH2)2 ? 2LiH by about 50 �C (from 180 to

130 �C) and enhances the kinetic behaviour. The

interaction of KH with Mg(NH2)2 leads to the for-

mation of intermediate phase K2Mg(NH2)4 with a

lower nucleation barrier, this newly formed phase

metathesizes rapidly with LiH to regenerate KH. [16].

Three K-containing species, i.e. KH, K2Mg(NH2)4,

and Li3K(NH2)4 have been proposed to be responsi-

ble for the improved reaction kinetics [17].

The operating temperature drastically influences

the reaction kinetics and structural properties of

Mg(NH2)2 ? 2LiH with K-based additives. Although

dehydrogenation kinetics accelerate with increasing

temperature at first, this results in unfavourable

dehydrogenation/hydrogenation characteristics in

the following cycles [18]. Two main explanations

have been proposed for the poor performance at high

temperatures; growth of particle and grain sizes of

the K-species upon dehydrogenation and their inho-

mogeneous distribution. Moreover, above 180 �C the

structural transformation of the dehydrogenation

product Li2Mg(NH)2 from cubic to orthorhombic

phase may also contribute to the sluggish kinetic

behaviour, since the hydrogenation temperature of

the cubic phase is lower than the orthorhombic phase

[18].

The structural and kinetic properties of the

Mg(NH2)2 ? 2LiH ? xKH (x: 0–0.3) system are

investigated in this paper. Structural properties are

studied with advanced synchrotron techniques such

as in-situ powder X-ray diffraction (SR-PXD), and

with a combination of small-angle X-ray scattering

(SAXS) and anomalous small-angle X-ray scattering

(ASAXS). The hydrogen kinetic properties are asses-

sed by high-pressure differential scanning calorime-

try (HP-DSC) and Sieverts apparatus. This

investigation provides new insight on the correlation

between particle sizes, reaction kinetics, and dehy-

drogenation/hydrogenation temperatures of the

Mg(NH2)2 ? 2LiH reactive hydride composite with

KH addition.

Experimental

LiH (Alfa Aesar, 99.9%) and KH (suspension 35% in

mineral oil) were purchased from Sigma-Aldrich. To

remove the mineral oil, the KH-oil mixture was

washed 39 with Pentane and dried inside a glove

box. Mg(NH2)2 was synthesized in-house via a 2-step
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process. Firstly, MgH2 was ball milled at 400 rpm

and under 7 bar of NH3 pressure for 24 h. The mil-

ling procedure was performed in a Fritsch P6 plan-

etary mill device. Then, the as-milled material was

heated to 300 �C under 7 bar of NH3 in a pressure

reactor to increase the yield of Mg(NH2)2�Mg(NH2)2
with 95% purity was obtained.

Appropriate amounts of the starting materials

were mixed and ball milled at 400 rpm for 36 h under

50 bar of H2. In total, five samples were prepared. To

prevent contamination, all powders handling and

milling were performed in an MBraun glove box fil-

led with Ar with H2O and O2 levels below 10 ppm.

As-milled samples were subjected to heat and gas

pressure treatment in an autoclave from Estanit

GmbH. Six different sample compartments allowed

reproducible absorption/desorption reactions for

different compositions of materials. About 400 mg of

each sample were placed in the individual compart-

ments. The autoclave was first evacuated and then

filled with 50 bar of H2. Then, it was heated up to

180 �C to obtain a final hydrogen pressure of about

80 bar. Under isothermal conditions, absorption/

desorption reactions were performed by setting a

hydrogen pressure of 1 bar for 20 h and 80 bar for

4 h. These conditions were repeated 259 to cycle all

samples at once.

Differential scanning calorimetry (DSC) measure-

ments were carried out using a Netsch DSC TASC

414/4 calorimeter which was kept in an argon-filled

glovebox. Roughly 5 mg of sample were placed into

an Al2O3 crucible and heated from room temperature

(RT) to 300 �C with a heating rate of 3 �C/min. In

order to have the same conditions as in the volu-

metric measurements, pressures for dehydrogenation

and re-hydrogenation were selected as 1 bar of H2

and 80 bar of H2, respectively. Using magnetic

valves, we were able to eliminate the effect of tem-

perature on the set pressure with a tolerance of ±

0.2 bar. The DSC chamber was filled with Ar while

placing the sample crucible. The chamber was flu-

shed with hydrogen gas three times to release the

remaining Ar. To calculate activation energies, dif-

ferent heating ramps were used: 1 �C/min, 3 �C/
min, 5 �C/min and 10 �C/min.

Ex-situ powder X-ray diffraction (PXD) patterns

were collected using a Bruker D8 Discover diffrac-

tometer with a Cu X-ray source (k = 1.54184 Å) and a

2D detector in Bragg–Brentano geometry. The

diffraction patterns were plotted as a function of the

scattering vector q(nm-1) to have wavelength-inde-

pendent data. Samples were protected from air and

moisture during the measurement with the use of a

PMMA dome sample holder produced by Bruker.

In-situ synchrotron radiation powder, X-ray

diffraction (SR-PXD) experiments were performed at

MAX II Synchrotron facility in Lund, Sweden, at the

beamline I711 [19]. The instrumental geometry of the

powder diffractometer is a Debye-Scherrer like con-

figuration with a selected wavelength k * 0.99 Å

and a plate image Agilent Titan detector

(2048 9 2048 pixel, each of size 60 9 60 mm2) placed

about 80 mm from the sample holder. The calibration

of the diffraction line positions was carried out using

a LaB6 powder. The powder was introduced into a

quartz capillary tube inside an Argon-filled glove box

and then fixed on an in-house developed in-situ cell

[20], which allows controlling the heating tempera-

tures and operating pressures [21]. First, dehydro-

genation was recorded from RT to 180 �C, with a

heating rate of 5 �C min-1 under 1 bar of H2. Fol-

lowing this experiment, the first hydrogenation was

recorded from RT to 180 �C under 80 bar of H2 with a

heating ramp of 5 �C min-1. Then, the second dehy-

drogenation was recorded from r.t. to 180 �C. The SR-
PXD data were reported referring to intensity against

the scattering vector q = 4psinh/k (nm-1), where k is

the X-ray wavelength and h is the scattering angle.

The 2D image was integrated by FIT2D software.

Quantitative analyses were performed using MAUD

software implementing the Rietveld method [22].

(Anomalous) Small-angle X-ray scattering

((A)SAXS) curves of the as-milled and cycled samples

were collected using the HZB SAXS/ASAXS instru-

ment at FCM-beamline of PTB, installed at syn-

chrotron facility BESSY II (HZB, Germany) [23]. The

four-crystal monochromator has an energy resolution

of DE/E * 2 9 10–4, while using the Si111 crystals.

An in-vacuum version of a 1 M Pilatus detector was

used to record the data [24]. All measurements were

carried out at 2 sample-to-detector distances

(* 0.8 m and * 3.8 m) to cover the maximum pos-

sible experimental q-range. Here, q is the magnitude

of the scattering vector defined above. 10 keV were

chosen as X-ray energy in the case of SAXS. Samples

for SAXS/ASAXS measurements were prepared in

N2-filled glove box at the EMIL Lab at BESSY. Each

sample was packed between Kapton tapes from each

side to prevent the contamination with air and

moisture during the sample transfer to the SAXS
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beamline. The prepared samples were fixed at

molybdenum sample holder sheets of 0.2 mm thick-

ness with a circular hole of 5 mm in diameter. ASAXS

measurements were carried out at six different

energies close and below the potassium K-edge at

3610 eV (3608, 3603, 3587, 3537, 3453, and 3353 eV), in

order to obtain scattering contrast. The scattering

data were corrected for the scattering of the Kapton

foils and normalized to absolute scattering cross

sections as reported elsewhere [25, 26]. X-ray

absorption near edge structure (XANES) spec-

troscopy was measured according to find the potas-

sium absorption edge of each sample using the same

set-up.

The volumetric differential pressure method was

used to determine the hydrogen storage capacity of

as-milled and cycled composites. An in-house made

Sieverts apparatus was utilized for this purpose.

About 100 mg of sample was loaded into the sample

holder. All desorption and absorption measurements

were performed under 1 bar of H2 and under 80 bar

of H2, respectively, starting from RT to 180 �C with a

heating rate of 3 �C min-1.

Results and discussion

Thermal behaviour and reaction kinetics

Thermal behaviours during the first dehydrogenation

of the as-milled samples with and without KH were

determined through DSC, as shown in Fig. 1. All

samples exhibit endothermic dehydrogenation events

up to 260 �C. Dehydrogenation of the Mg NH2ð Þ2 þ
2LiH sample displays a peak around 190 �C with a

shoulder at 200 �C, suggesting a 2-step reaction

mechanism as stated in Eqs. 2 and 3. The peak posi-

tions of these two reactions shift to lower tempera-

tures when KH is introduced. Small amount of KH

addition (0.07 mol) is sufficient to lower the peak

temperature of the 1st step of the reaction from 190 to

140 �C. Peak temperature of the second reaction step

decreases gradually with an increasing amount of

KH (from 200 to 155 �C by adding 0.15 mol of KH). In

the case of sample containing 0.30 mol KH, these

two events possibly occur at similar temperatures

around 145 �C, reaction pathway is not altered.

In order to evaluate the effect of additive on the

material kinetic behaviour, activation energies from

the 1st dehydrogenation reactions using the

differential scanning calorimeter under 1 bar of H2

pressure with varying heating rates (1, 3, 5, and

10 �C/min) were determined with Kissinger’s

method according to Eq. (4):

ln b=T2
m

� �
= ln AR=Eað Þ � Ea=RTm ð4Þ

where Tm is the peak temperature at the maximum

reaction rate, b the heating rate, ‘A’ the pre-expo-

nential factor, R the gas constant, and Ea the apparent

activation energy. The slope of the plot ln(b/Tm
2)

against 1/Tm provides the value of Ea/RT, and the

intercept corresponds to ‘A’. The activation energies

are determined from the peak maxima, where the

reaction rate is maximum. Figure 2 shows the Kis-

singer plots of the as-milled samples during the 1st

dehydrogenation reaction (see supplementary con-

tent, ESI Figs. 1–4 for original DSC curves).

All results obtained from the Kissinger plots are

summarized in Table 1. The pristine sample has a

dehydrogenation activation energy Ea of

168 ± 4 kJ/mol. Even though the dehydrogenation

peak temperatures are lowered by KH addition

(Fig. 1), Ea is higher for all samples containing KH as

shown in Table 1. The calculated Ea increases by

nearly 50 kJ/mol H2 for the sample containing

0.07 mol and reaches 215 ± 9 kJ/mol H2, if com-

pared with the pristine sample. Interestingly, the pre-

exponential factor A, for the samples containing

potassium hydride is much larger than that for the

pristine one. In order to understand these contradic-

tory findings, rate constants (k) were calculated by

Figure 1 DSC curves of as-milled samples.
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the Arrhenius expression k = A•exp[- Ea/RT] (1/s)

at the cycling temperature of 180 �C (see Fig. 3).

Calculated rate constants from the Arrhenius

expression indicate that KH-containing samples have

a larger rate constant compared to the pristine sample

at 180 �C. A noticeable increase of the frequency

factor for potassium-containing samples leads to a

more effective interaction between the reactants. This

interaction is slightly improved with increased KH

amount, since the rate constant values are rising

gradually. These outcomes agree with the results

from our previous work, where another potassium

compound is used as an additive: K2Mn(NH2)4 [11].

Dehydrogenation properties of the as-milled and

cycled materials were determined by Sieverts appa-

ratus, as shown in Fig. 3. The pristine sample desorbs

4.1 wt% of H2 within the first 3 hours of measuring

time (including the time for the heating ramp). Due to

the additional weight of the additive, H2 capacity

reduces to 3.2 wt% when 0.3 mol of potassium

hydride is introduced. In order to compare the reac-

tion rates, slopes between 20 and 70% (linear range of

the dehydrogenation curves, Fig. 3a) of the normal-

ized capacities are calculated (ESI Fig. 5). The reaction

rate during the first dehydrogenation slightly

increases with the addition of a tiny amount of KH

(rate without additive: 1.7 reacted fraction unit/h

and ? 0.07 mol KH: 2.9 reacted fraction unit/h).

Comparing the rates as more amount of KH is added,

the difference in the reaction rate is not as significant

(? 0.15 mol KH: 2.87 reacted fraction unit/

h, ? 0.30 mol KH: 2.71 reacted fraction unit/h). After

25 H2 absorption/desorption cycles, the capacity

remains stable for all additive-containing samples,

while the H2 capacity drops about 50%, to 2.2 wt%

for the pristine sample. Hence, the cycling tempera-

ture of 180 �C is not sufficient for the pristine sample

to keep stable cycling properties. In order to compare

the reaction rates at 25th desorption, slopes between

5 and 30% (linear range of the dehydrogenation

curves, Fig. 3b) of the normalized capacities are cal-

culated (ESI Fig. 6). Increasing the additive amount

leads to an improvement in reaction rates (slope

without additive: 0.88 reacted fraction unit/

h, ? 0.07 mol KH: 0.97 reacted fraction unit/

h, ? 0.15 mol KH:1.15 reacted fraction unit/

h, ? 0.30 mol KH: 2.13 reacted fraction unit/h). In

summary, on the one hand, the presence of a tiny

amount of KH speeds up the hydrogen release dur-

ing the first cycle, but no further improvement is seen

as the amount of KH increases. On the other hand,

after 25 cycles, samples with a higher amount of KH

initially (up to 30% of the reaction) show faster

dehydrogenation kinetic behaviour. After the anal-

ysed linear range, the reaction rate behaviour of all

material slows down significantly.

Structural characterization of the crystalline
phases

Figure 4 shows the ex-situ XRD patterns of as-milled

samples. The broad diffraction peak at Q = 15 nm-1

is related to the polymer material of the sample

holder. None of the observed peaks are attributed to

the Mg(NH2)2 phase, which tends to have amorphous

nature after intense ball milling. Moreover,Figure 2 Kissinger plots of as-milled samples measured at 1 bar

of H2 pressure and different heating rates (1, 3, 5, and 10 �C/min).

Table 1 Activation energies

and calculated rate constants

from Fig. 2

Sample name Ea (kJ/mol) A k (1/s) (180 �C)

Mg NH2ð Þ2 + 2LiH 168 ± 4 9 9 1013 3.9 9 10 - 6

Mg NH2ð Þ2 + 2LiH + 0.07 KH 215 ± 9 2 9 1022 3.9 9 10 - 3

Mg NH2ð Þ2 + 2LiH + 0.15 KH 249 ± 10 2 9 1026 5.5 9 10 - 3

Mg NH2ð Þ2 + 2LiH + 0.30 KH 264 ± 28 2 9 1028 7 9 10 - 3
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diffraction peaks of KH are also not visible at the

sample with 0.07 mol of KH due to the low amount.

However, KH is visible in the samples containing

higher amounts. MgO is also observed at

Q = 29 nm-1, suggesting the presence of some

impurities, possibly during the synthesis of

Mg(NH2)2.

In order to study the crystalline phase changes

during the heating process, in-situ SR-PXD data was

collected. Figure 5 shows the 2D contour plot of

Mg(NH2)2 ? LiH ? 0.07KH sample, which contains

the highest reversible capacity (4.2 wt%) and opti-

mum reaction kinetics compared to other samples.

Diffraction peaks of potassium hydride were not

identified with ex-situ XRD (Fig. 4). Interestingly,

during the first dehydrogenation (Fig. 5a), no

diffraction peaks can match with any potassium-

related compound. It is suggested that at this stage,

K-containing phases are either amorphous or

nanocrystalline. Once the temperature is reaching to

more than 125 �C, diffraction peaks related to the

main desorption phase, orthorhombic Li2Mg(NH)2
start to appear at Q = 21 nm-1 and 35 nm-1. There-

after, the sample is cooled down to room temperature

and loaded with 80 bar of H2 (Fig. 5b). Crystalline

KH diffraction peaks appear at 125 �C at

Q = 19 nm-1, together with the formation of broad

peaks related to Mg(NH2)2 at Q = 10 nm-1. At this

stage absorption takes place, however, magnesium

amide is not crystalline until the temperature reaches

180 �C. At this temperature under isothermal condi-

tions, when Mg(NH2)2 and LiH recrystallizes, no

further change is observed. Amide-imide transfor-

mation is visible at the 2nd H2 desorption (Fig. 5c),

but at higher temperatures (* 125 �C at the 1st des-

orption, * 170 �C at the 2nd desorption).

Chemical state of the potassium-related
phases

In the previous section, the overall sample composi-

tion and thermal behaviour were shown. However,

the chemical state of potassium in the as-milled

samples is not unknown due to the poor crystallinity

of the samples after the high-energy ball-milling

process. In order to observe the chemical state of

potassium, XANES measurements at the potassium

K-edge were performed (Fig. 6). XANES spectra of

samples with 0.15 and 0.30 mol of KH indicate the

presence of KH, which is in good agreement with

Figure 3 Reaction kinetics at a 1st dehydrogenation b 25th

dehydrogenation.

Figure 4 XRD patterns of as-milled samples.
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results obtained from the ex-situ XRD patterns.

However, the spectra are not fitting perfectly with the

spectra of the reference KH, hence a potassium-con-

taining phase with different chemical nature can be

present. Interestingly, the XANES spectrum of the

sample containing 0.07 mol of KH is not consistent

with the spectra of the other two samples, meaning a

different potassium compound could have been

formed during the milling process. Indeed, the reac-

tion of KH with Mg(NH2)2 during mechanical milling

to form K2Mg(NH2)4 is highly favourable [17].

Although the spectrum is not identical to the spec-

trum of K2Mg(NH2)4, it is likely that some amount of

KH reacts with Mg(NH2)2 during the ball-milling

procedure to form K2Mg(NH2)4. On the contrary,

Wang et al. [8] reported that only KH is present after

the ball-milling procedure, and K2Mg(NH2)4 starts to

form only during the dehydrogenation reaction. In

the present work, the formation of K2Mg(NH2)4 after

the ball-milling procedure can be related to the

selection of higher milling speed (400 rpm instead of

200 rpm).

Structural evolution over cycling

Using small-angle X-ray scattering (SAXS), the

nanostructure of a material can be investigated

[27, 28]. In SAXS, the intensity of scattered X-rays is

measured as a function of the scattering angle below

10�. In order to investigate the size evolution of the

Figure 5 In-situ XRD patterns of Mg(NH2)2 ? 2LiH ? 0.07KH sample: a 1st desorption, b 1st absorption, c 2nd desorption.
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overall matrix structures over cycling, SAXS mea-

surements on pristine and doped samples were car-

ried out, and the results are shown in Fig. 7. The

intensity axes in Fig. 7 are weighted by q2 in order to

pronounce all features in the scattering intensities.

The SAXS curve of the samples without additive

(Mg(NH2)2 ? 2LiH) exhibit a prominent feature in

the Porod-region (at the very high q-values) and a

broad shoulder in the Guinier-region (at the very low

q-values), respectively. Upon cycling, the feature in

the Porod-region becomes more pronounced but

remains roughly stable on the q-axis at values

around * 3 nm-1. These structures are about

2–6 nm in size. The feature visible in the Guinier-

region (around 0.2 nm-1) of the as-milled sample

shifts toward lower angles after the 1st cycle and

migrates to even smaller q-values (out of the

detectable q-range) after the 25th cycle. This implies a

significant coarsening effect of the matrix structures

in the pristine sample upon cycling. These two major

structural features are also present in the as-milled

sample with additive (Mg(NH2)2 ? 2LiH ? 0.07KH).

The feature in the Porod-region is located roughly at

the same q-values as in the pristine sample and the

positions remain roughly unchanged over cycling.

However, it becomes more prominent with cycling in

comparison to the corresponding feature in the pris-

tine sample. This indicates a higher contrast, due to

the presence of the higher electronic number of

potassium in comparison to the pristine sample.

Similar to the pristine sample, a broad shoulder is

present in the Guinier-region (at the very low q-val-

ues) of the as-milled sample, as well, which becomes

much broader after the 1st desorption and remains

roughly stable until the 25th cycle. This indicates a

significantly lower coarsening effect in the matrix

structures in the sample doped with KH over cycling

relative to the pristine sample. Therefore, in com-

parison to the pristine sample, it is likely that the

presence of potassium-containing phases at the

amide-hydride interfaces stabilizes the particle sizes,

and with this, the cycling stability by improving the

mass transportation (shorter diffusion paths) at the

interfaces.

In order to obtain the size evolution of potassium-

containing phases, ASAXS measurements were car-

ried out (Fig. 8). To the best of our knowledge,

ASAXS method at potassium K-edge is reported here

for the 1st time for the amide-hydride systems. Since

the K-absorption edge of potassium is at a low energy

(* 3.6 keV), attenuation of the X-rays by the sample

is rather high. Hence, the application of ASAXS

method at such low energies is rather challenging.

Preparation of thin samples and rather long mea-

suring times are required to obtain sufficient high-

quality ASAXS curves. Resonant curves were

obtained based on the difference between two A-

SAXS curves at different energies. Thereafter, they

Figure 6 XANES spectra of as-milled samples at the absorption

edge of potassium. Spectra for the reference powders, KH and

K2Mg(NH2)4, are included in the graph.

Figure 7 Kratky plots for the samples with

(Mg(NH2)2 ? 2LiH ? 0.07KH) and without additive

(Mg(NH2)2 ? 2LiH) at different cycle numbers.
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were fitted by assuming a spherical particle model.

Figure 8 demonstrates that after ball milling of 36 h,

potassium-containing nanoparticles with an average

radius of 5 nm are present (See ESI Figs. 7–10 for

fitting of scattering curves). After the 1st cycle, the

average radius of these particles increases to * 7

nm, and after 25 cycles it further increases to * 10

nm. Although the presence of potassium-containing

nanoparticles at the reaction interfaces improves the

mass transportation (Fig. 7), significant growth of

these particles may explain the degradation of

hydrogen reaction kinetic properties of this system

upon cycling (Fig. 3).

As seen previously from Fig. 7 and 8, particle sizes

of both overall matrix and potassium-containing

additive are growing over the cycling procedure. So

far, both absorption and desorption cycles were car-

ried out at 180 �C. In order to investigate the effect of

temperature on the structure of the system, the

absorption cycle temperature for the sample with

0.07 mol of additive is reduced to 150 �C (Fig. 9).

SAXS curves of this sample at different cycling con-

ditions illustrate clearly that the temperature has a

great structural impact on the hydride matrix. When

the sample is cycled at a lower absorption tempera-

ture, there are structures in the matrix with maxi-

mum diameters up to 100 nm (See ESI Figs. 11–12 for

fitting of scattering curves).

The higher absorption temperature results in an

increment of the particle size diameters up to 400 nm.

For comparison, the reaction kinetics of this sample at

two different cycling conditions is measured (ESI

Fig. 13). If the absorption temperature of 150 �C is

chosen, 80% of total H2 capacity is released within

3.1 h. If the absorption temperature is set to 180 �C,
the same capacity of H2 is released within 6.3 h.

Therefore, the results clearly show that coarsening of

the hydride matrix over the cycles is the main reason

for the poor reaction kinetics. Furthermore, the

results suggest that the coarsening effect can be

minimized by lowering the operational absorption

temperature. On the one hand, the cycling tempera-

ture may be reduced to minimize the growth of the

particle sizes. On the other hand, further reducing the

cycling temperature, especially the desorption tem-

perature, may slow down the reaction kinetics, since

lower temperatures mainly reduce the driving force

for the dehydrogenation of metal hydrides.

Conclusion

The effect of KH on the Mg(NH2)2 ? 2LiH hydrogen

storage system is investigated by applying different

laboratory and synchrotron characterization tech-

niques in thiswork. Thermal analyses (Fig. 1) show that

the addition of KH results in the reduction of the

dehydrogenation onset temperature from 170 to

Figure 8 Size evolution of potassium-containing phases in the

Mg(NH2)2 ? 2LiH ? 0.07KH sample over cycling. Data is

obtained from the fitting of ASAXS curves (ESI Figures 7–10).

Figure 9 Size distribution of Mg(NH2)2 ? 2LiH ? 0.07KH

sample after 10 cycles. Data is obtained from the fitting of

corresponding SAXS curves (ESI Figs. 11–12). Different colours

are representing the difference in the absorption temperature

during the cycling procedure.
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130 �C. However, the presence of KH also accounts for

higher apparent activation energies (Table 1). In this

regard, rate constants of the KH added materials mea-

sured under isothermal conditions of 180 �C show

higher reaction rates than the pristine material. This

phenomenon is attributed to the increased frequency

factor ‘A’, indicating a more efficient interaction of the

reactants. Volumetric studies (Fig. 3) show that by

adding 0.07 mol of KH, stable hydrogen capacity

(4.2 wt%) over the first 25 cycles can be obtained.

Presence of a tiny amount of KH speeds up the

hydrogen release during the 1st cycle, but no further

improvement is seen as the amount of KH increases

(Fig. 3a). After 25 cycles, sampleswith a higher amount

of KH initially (up to 30% of the reaction) show faster

dehydrogenation kinetic behaviour (Fig. 3b). Later on,

the reaction rate behaviour of all material slows down

significantly. Potassium-containing phases, possibly at

the amide-hydride interfaces, stabilize the overall par-

ticle size and suppress growth, compared to the particle

growth of the pristine sample (Fig. 7). Thus, such

potassium-containing phases shorten diffusion paths

and ensure full reversibility of the reaction, improving

the overall cycling stability. However, the average

particle size of potassium-containing phases still grows

after 25 cycles (Fig. 8), which explains the partial

degradation of hydrogen reaction kinetic properties of

this system upon cycling (Fig. 3). The degradation

effect can be minimized by reducing the absorption

temperature from 180 to 150 �C, which prevents the

growth of nanoparticles (Fig. 9). As a consequence, 29

faster reaction kinetics can be obtained (ESI Fig. 13). All

in all, the information obtained from this work can be

useful to design and develop reversible hydrogen

storage systems for stationary andmobile applications.
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