Open Access Article. Published on 23 March 2026. Downloaded on 6/12/2026 8:05:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
Journal of OF CHEMISTRY

™
Materials Chemistry A -

View Article Online

View Journal

Bridging structure and dynamics: mechanistic
insights into CMK-3 incorporated amide—hydride
composite systems for solid-state hydrogen
storage

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d6ta00801a

Mohsin Abbas,® Fahim Karimi,*® Thi Thu Le,® Jacques Ollivier,” Jitendra Mata,®
Joshua P. King,© Lathapriya Vellingiri,® Gerd Stahlkopf, ©2% Thomas Klassen®®
and Claudio Pistidda (2 *2

The influence of ordered mesoporous carbon (CMK-3) on the hydrogen storage properties of the
6Mg(NH),-9LiH-2LiBH,; reactive hydride composite (6:9:2-RHC) is systematically investigated.
Incorporation of 10 wt% CMK-3 into the pristine composite (6:9:2-RHC + 0.1CMK3) leads to
substantial improvements in hydrogen sorption kinetics. Under identical thermodynamic conditions, the
CMK-3 incorporated composite exhibits significantly enhanced reaction kinetics, with the absorption
time reduced from ~30 minutes to only 3 minutes (=90% improvement) and the full desorption
completed within 25 minutes instead of 60 minutes (=58% improvement) compared to the pristine
system. Moreover, the modified composite maintains excellent cycling stability, with 98% capacity
retention over the first ten dehydrogenation/hydrogenation cycles compared to 90% for the pure
composite. To elucidate the mechanism underlying this kinetic enhancement, we use a combination of
advanced characterization techniques, including differential thermal analysis (DTA), synchrotron radiation
X-ray powder diffraction (SR-XRPD), Fourier transform infrared (FT-IR) spectroscopy, small-angle and
ultra-small-angle neutron scattering (SANS/USANS) and quasi-elastic neutron scattering (QENS). DTA
analysis shows an 11 kJ mol™ decrease in apparent activation energy barrier upon CMK-3 addition.
SANS/USANS results reveal that CMK-3 effectively suppresses particle agglomeration during the
dehydrogenation/hydrogenation cycle and maintains structural integrity, preserving the high accessible
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mesoporous carbon lowers the reorientational energy barriers of [BH4]™ anions, leading to faster local

DOI: 10.1035/d6ta00801a dynamics. This enhanced mobility facilitates the elementary reaction steps involved in hydrogen release

rsc.li/materials-a and uptake, which contributes to the improved sorption kinetics of the CMK-3 modified composite.

Complex metal hydrides such as alanates [AIH,] ", borohydrides

1. Introduction

Efficient and safe hydrogen storage remains a key challenge in
the implementation of hydrogen-based energy systems.'
Among various storage approaches, solid-state hydrogen
storage in complex metal hydrides offers distinct advantages in
safety, volumetric energy density and reversibility, making it
a significant research focus over the past few decades.**®
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[BH,]” and amides [NH,] (ref. 7-16) have been extensively
investigated due to their higher hydrogen storage capacities (5-
15 wt%) and tunable thermodynamic and kinetic properties.>”
Amides were initially disregarded as hydrogen storage materials
due to ammonia emission during their thermal decomposi-
tion.*® Chen et al. (2002) was the first to demonstrate reversible
hydrogen storage in LiNH, by the addition of LiH, which
stabilized the desorption product and suppressed NH; forma-
tion.™ This sparked a renewed interest in the metal-N-H based
materials for solid-state hydrogen storage.

Since then, various metal-N-H based systems have been
developed to enhance hydrogen storage performance.>*>*
Among them, the Mg(NH,),-2LiH composite has attracted
considerable attention due to its favorable thermodynamics,
relatively high hydrogen storage capacity (5.5 wt% H,) and
excellent reversibility.>**® The dehydrogenation enthalpy of 40
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kJ mol ' H, corresponds to an equilibrium temperature near 90
°C at 1 bar H, pressure, and this thermodynamics is suitable for
practical applications. However, the system suffers from slug-
gish kinetics due to a high activation energy barrier and
requires temperatures above 180 °C to complete dehydrogena-
tion within one hour. Many efforts have been made to improve
both the thermodynamics and kinetics of hydrogen storage in
the Mg(NH,),-2LiH system.>*-

Kinetic improvements of the Mg(NH,),-2LiH system have
been achieved through the introduction of additives such as Ru/
C-, Rb-, K- and Ca-based compounds. These additives not only
act as catalytic species but also destabilize the reactants,
lowering the activation energy of the hydrogen storage reactions
and thereby accelerating the overall reaction kinetics.**”
Thermodynamic improvement of Mg(NH,),-LiH was achieved
by the addition of Lil, LiBr and LiBH,, which reduced the
dehydrogenation enthalpy of the composite system from 40 kJ
mol " H, to 33 k] mol ! H,, 32 k] mol~* H, and 36 k] mol ' H,,
respectively. However, the composite system with LiBH, shows
faster reaction kinetics and higher hydrogen storage capacity in
comparison to the lithium halide additives.*®*® Yang et al
attributed this enhanced reaction kinetics and improved
hydrogen capacity to the in situ formation of Li;BH3H,, solid-
solution, which promotes faster mass transport and facilitates
a reversible hydrogen exchange process through ancillary
reactions.*”** Building on these developments, previous
research efforts at our institute explored the use of a reactive
hydride composite (RHC) approach to systematically investigate
the effect of varying the xLiBH, content (x = 0.5, 1, 2, 12 mol%)
on 6Mg(NH,),-9LiH to optimize its thermodynamic and kinetic
performances. The optimized 6Mg(NH,),~9LiH-2LiBH,
composition showed significantly improved reaction kinetics
compared to other LiBH, molar ratios. Full hydrogenation of
the system (3.45 wt% H,) could be achieved only in 0.5 hours,
and complete dehydrogenation was observed in 1 hour at 180 °C
and at 1 bar H, pressure.*>** Although the addition of 2 mol% of
LiBH, effectively improved the thermodynamics and kinetics of
this composite system, its reaction rate still remains insufficient
for practical applications.

Lightweight additives, such as porous carbon materials, are
well-known additives for enhancing reaction kinetics by
providing a high active surface area and uniform dispersive
properties. Bhatnagar et al. studied the effects of single-walled
carbon nanotubes (SWCNTs) and graphene nanosheets (GNS)
on the NaAlH,-MgH, system. The composite containing 0.5
wt% SWCNTs and 1.5 wt% GNS showed a synergistic effect,
enhancing the thermal conductivity and dispersion, which in
turn improved both hydrogenation and dehydrogenation
kinetics.”® In addition, various carbon structures, such as
graphite, carbon nanofibers, carbon nanotubes and C60, have
been used as additives to improve the reaction kinetics of
hydrogen storage materials.***”

In this study, mesoporous carbon (CMK-3) was incorporated
as an additive in the 6Mg(NH,),~9LiH-2LiBH, system to
enhance its reaction kinetics. CMK-3 was chosen due to its light
weight, high surface area (=900 m” g~ '), mesoporous structure
(pore diameter: 3.8-4.0 nm) and excellent thermal
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conductivity.*® The system was investigated using a combina-
tion of experimental techniques, including a Sieverts-type
apparatus for measuring hydrogen sorption kinetics, synchro-
tron radiation X-ray powder diffraction (SR-XRPD) for crystal
structure analysis and Fourier transform infrared (FT-IR) spec-
troscopy for molecular structural analysis. SANS/USANS were
utilized to resolve morphological and structural features from
the nanometer to micrometer regime, offering critical insights
into pore connectivity, particle aggregation and nanoscale
restructuring during the dehydrogenation/hydrogenation
cycle.*** Quasi-elastic neutron scattering (QENS), on the other
hand, probes anion dynamics, providing direct insights into
diffusive and reorientational motions on the picosecond to
nanosecond timescales.”** These dynamic measurements have
proven to be essential for understanding ion transport mecha-
nisms and hydrogen mobility in complex hydrides.” To the best
of our knowledge, this is the first study that integrates SANS/
USANS and QENS analyses to provide a comprehensive under-
standing of structural evolution and anion dynamics across
multiple length and time scales. Together, these complemen-
tary techniques allow us to correlate mesoscale morphology,
crystallographic evolution and anion dynamics with enhanced
hydrogen sorption kinetics in the CMK-3-modified 6Mg(NH,),-
9LiH-2LiBH, system.

2. Experimental

2.1. Material synthesis

Magnesium amide (Mg(NH,),, 95% purity) was synthesized in-
house via a two-step process. Initially, magnesium hydride
(MgH,, 95% purity, Rockwood Lithium GmbH) was ball-milled
at 400 rpm with a ball-to-powder ratio (BPR) of 40:1 in
a stainless-steel high-pressure milling vessel (Evico GmbH). The
milling was performed under 7 bar ammonia (NH3) gas for 24
hours, with NH; being refilled every 6 hours to maintain pres-
sure and enhance the reaction kinetics. The intermediate
product was subsequently transferred to a high-pressure reactor
(Parr Instrument Company) and heat treated at 310 °C under 7
bar NH; for 48 hours to complete the conversion and maximize
the yield of Mg(NH,),. The purity of the synthesized Mg(NH,),
was evaluated using the DTA/TGA method. Thermogravimetric
analysis performed in the temperature range from room
temperature to 600 °C showed a total weight loss of ~39.75 wt%.
This value agrees well with the theoretical weight loss (~40
wt%) expected for the decomposition reaction 3Mg(NH,), to
Mg;N,, indicating an estimated sample purity of ~95%.%*

For the synthesis of 6Mg(NH,),-9LiH-2LiBH,-RHC, magne-
sium amide (Mg(NH,),), lithium hydride (LiH, 98%, Alfa Aesar)
and lithium borohydride (LiBH4, 95%, Sigma-Aldrich) were
mixed in a molar ratio of 6 : 9 : 2. The mixture was ball-milled for
36 hours at a BPR of 60:1 in a stainless-steel high-pressure
milling vessel to ensure homogeneous mixing and mechanical
activation. This composite is hereafter referred to as 6:9:2-
RHC.

Structured mesoporous carbon (CMK-3, 99.6% purity, ACS
Material) was incorporated into 6:9:2-RHC at an optimized
content of 10 wt%. The resulting mixture was further ball-

This journal is © The Royal Society of Chemistry 2026
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milled for 3 hours under similar conditions to achieve
a homogeneous dispersion of carbon within the composite.
Prior to use, CMK-3 was activated by heating at 120 °C for 12
hours to remove moisture and impurities. This carbon-con-
taining composite is referred to as 6 : 9: 2-RHC + 0.1CMK3. Pure
6:9:2-RHC was also further ball-milled for 3 hours to ensure
that both materials underwent the same milling treatment.

All sample preparations, handling and storage were per-
formed under an inert atmosphere in an MBRAUN glove box
with purified argon (O, < 0.1 ppm; H,O < 0.1 ppm) to avoid
sample contamination from air and moisture.

2.2. Thermal analysis

Thermal behavior and gas evolution during the dehydrogena-
tion reactions were analyzed using a Netzsch STA 409 C
Differential Thermal Analyzer (DTA) coupled with a Hiden
Analytical HAL 201 Mass Spectrometer (MS), situated inside an
argon glovebox. Approximately 10 mg of sample was placed in
an Al,O; crucible and heated from room temperature (RT) to
300 °C at a heating rate of 5 °C min~". The experiments were
conducted under a continuous flow of argon gas at 50 ml min .
The DTA instrument was coupled to a Hiden Analytical HAL 201
mass spectrometer (MS) via a 1.5 m heated glass capillary. The
transfer line was kept at elevated temperature to prevent
condensation of evolved gases. Because of the capillary length
and the resulting gas transport time, a systematic delay occurs
between the thermal events detected by the DTA and the cor-
responding MS signals. To account for this offset, the MS signal
temperature was estimated by correlating the MS detection time
with a programmed DTA heating rate (5 °C min~'), enabling an
approximate assignment of the gas-evolution temperatures.
During dehydrogenation, the evolved gases such as hydrogen
(H;) and ammonia (NH;3) were analyzed by using a mass
spectrometer.

Dehydrogenation activation energy (E,) was determined by
running DTA measurements at different heating rates (8) of 1, 2,
5 and 10 °C min~'. The peak temperature (Ty,) for maximum
heat flow was extracted for each measurement performed at
different heating rates. E, was then calculated using the Kis-
singer method (eqn (1)), as follows.*

In(8/T?) = IN(ARIE,) — E)/RT (1)

where 4 is the pre-exponential factor and R (8.314 ] K~ mol ")
is the gas constant. The linear relationship between In(8/T,%)
and 1/Ty, was plotted, and the slope (m = —E,/R) of the fitted
line was used to determine the value of E,.

2.3. Hydrogen storage analyses

The isothermal dehydrogenation and hydrogenation kinetics
were studied using a custom-built sieverts-type apparatus,
capable of operating within a pressure range of 0.01-160 bar
and a temperature range of RT-500 °C. For each experiment,
approximately 200 mg of sample was loaded into a stainless-
steel sample holder inside a glovebox. Dehydrogenation cycles
were performed at 180 °C and 1 bar H, pressure, while
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hydrogenation cycles were conducted at 180 °C and 80 bar H,.
Hydrogenation/dehydrogenation kinetic reaction was also per-
formed at a lower temperature of 140 °C while maintaining the
same pressure conditions. Temperature and pressure were
controlled with a precision of £1 °C and +1 bar, respectively.

2.4. Kinetic modelling

The Sharp and Jones method was applied to determine the rate-
limiting step in the dehydrogenation/hydrogenation process of
6:9:2-RHC and 6:9:2-RHC + 0.1CMK3. In this approach,
experimental data are fitted using eqn (2) as follows.*®

Fa) = A(tlto.5) (2)

Here, « denotes the reaction fraction, defined as the ratio of
hydrogen released at a given time to the maximum storage
capacity of the material. Parameter ‘A’ represents the apparent
rate constant, and ¢, 5 corresponds to the time at which o = 0.5,
i.e.,, 50% of the total reaction has occurred. The analysis
primarily focused on the region between 10% and 80%
conversion to avoid potential inaccuracies at the initial and
final stages of the reaction. By applying different rate equations,
several plots of (t/ty.s)heoretical VETSUS (t/ty.5)experimental WETE Ob-
tained. Here, we mainly focused on the Johnson-Mehl-Avrami
(JMA) kinetics model, for which equations and their descrip-
tions (F1-F5) are listed in SI Table S1. The Sharp and JMA
kinetic models offer a systematic way to decompose the overall
reaction kinetics into contributions from different physical
processes (interface movement, diffusion in various geometries,
nucleation or a combination thereof).**” The best fitting reac-
tion rate model must obey the following rules: the slope of the
fitted line should be 1, the y-intercept near 0 and a correlation
coefficient (R*) approaching 1.%®

2.5. Structural analysis

The composition of the samples was analyzed by synchrotron
radiation X-ray powder diffraction (SR-XRPD) measurements,
which were performed at the side station of P07 beamline
operated by the Helmholtz-Zentrum Hereon at PETRA III of
Deutsches Elektronen-Synchrotron (DESY), Hamburg, Ger-
many.*> A monochromatic X-ray beam with a wavelength of
0.14235 A was employed, and diffraction patterns were collected
using a PerkinElmer detector (pixel size of 0.2 mm X 0.2 mm;
array of 2048 x 2048 pixels) placed at a sample-to-detector
distance of ~1200 mm. The powder samples were prepared in
an argon-filled glovebox and subsequently loaded into a circular
aluminum sample holder with a diameter of 5 mm and
a thickness of 1 mm. The holder was sealed on both sides with
Kapton windows to ensure an airtight environment and to
preserve sample integrity during measurements. Data acquisi-
tion was carried out with a 1 minute exposure per sample scan
and 20 seconds of exposure for dark scans. The acquired two-
dimensional diffraction data were processed using FIT2D,*
with background subtraction and removal of the Kapton
contribution prior to further analysis. The results were
compared with reference data from the ICSD database.

J. Mater. Chem. A
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The crystallite size was estimated using the Scherrer equa-
tion (eqn (3)) given below.**

D = KMBcos b (3)

where D is the crystallite size, K is the shape factor (typically 0.9),
A is the X-ray wavelength (0.014234 nm), § is the full width at
half-maximum (FWHM) in radians calculated using diffraction
peak fitting and 6 is the Bragg angle. The complete calculation is
provided in SI Table S2.

An Agilent Technologies Cary 630 FT-IR spectrometer was
used within an argon-filled glovebox to characterize the N-H
and B-H stretching vibrations. Infrared spectra were collected
in transmission mode over the spectral range of 2000-3500
cm " with a resolution of 4 cm .

Small-angle and ultra-small-angle neutron scattering (SANS/
USANS) experiments were conducted at the Australian Nuclear
Science and Technology Organization (ANSTO) facility at Lucas
Heights using the Quokka SANS instrument and Kookaburra
USANS instrument, respectively.®*** Sample preparation was
performed in the ANSTO chemistry laboratory in a helium-filled
glovebox which was controlled with continuous helium flow to
avoid any risk of contamination and to ensure experimental
reproducibility. A monolayer of powder was applied to Kapton
tape using a brush and subsequently secured with a second
layer of Kapton tape to ensure positional stability during the
measurement process. The encapsulated samples were then
mounted into demountable aluminum cells between two
parallel quartz glass windows (19 mm in diameter, with high
transmission and low level of scattering).®* The sample holders
were subsequently transferred to the SANS/USANS beamline
and positioned on a motorized rail system, ensuring precise
alignment and enabling the neutron beam to pass through the
sample volume during measurements. The Kookaburra instru-
ment was equipped with a highly oriented pyrolytic graphite
(HOPG) crystal, as a pre-monochromator, which delivers two
different wavelengths 2 to the instrument: Ag;(111) = 4.74 A and
si(311) = 2.37 A. Our USANS measurements were conducted
using a 29 mm aperture and neutron wavelength of 4.74 A,
covering a g range of 4 x 107" to 8 x 10~* A™! to have an
adequate overlap with the SANS data. The Quokka instrument
was equipped with a high count rate, 1 m> position-sensitive
detector (pixel size: 5 mm), developed by Brookhaven National
Laboratory. It employs a neutron velocity selector to produce
a continuously tunable range of incident neutron wavelengths
spanning from 4.5 A to 40 A, with a corresponding wavelength
resolution ranging between 7% and 18%, depending on the
neutron velocity selector tilt angle. Prior to data acquisition, the
detector efficiency was calibrated using a polymethyl methac-
rylate (PMMA) standard. SANS measurements were performed
at three distinct sample-to-detector distances (SDD = 1.3 m, 12
m, and 20 m with MgF, lenses). The incident neutron wave-
length was set to 5 A for measurements at 1.3 m and 12 m SDD.
For measurements at 20 m SDD, the wavelength was set to 8.1 A
to optimize coverage of the g-range of interest. Additionally,
measurements of the direct (empty) beam, the blocked beam,
and an empty sample holder were conducted to enable accurate
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background subtraction and transmission corrections. For
absolute intensity calibration, a water standard of known scat-
tering cross-section was measured as well.

The SANS data acquired at three different SDDs were pro-
cessed and merged using the standard Quokka data reduction
macros implemented within the Igor Pro software environ-
ment.* USANS data were then desmeared and subsequently
merged with the reduced SANS data.®*” Lastly, data analysis
and model fitting were performed using the SASfit and SASView
software packages.®®® Six different samples were studied; 6:9:
2-RHC and 6:9:2-RHC + 0.1CMK3, each in ball-milled, ther-
mally desorbed and absorption states, to explore structural
evolution under different hydrogen sorption conditions.

2.6. Dynamic analysis

QuasiElastic Neutron Scattering (QENS) is a neutron spectros-
copy technique used to study low-energy motions, such as
relaxations and diffusions, with energy transfers typically less
than 1 meV. These types of motions show a quasielastic profile
centered on elastic scattering, i.e. zero energy transfer, with
small energy changes. The quasielastic signal appears as
broadening around the elastic line and arises from stochastic,
non-periodic motions of atoms per molecules.” It provides
valuable insights into the molecular dynamics of hydrogen-
containing units occurring on the picosecond timescale and
angstrom length scale.” QENS experiments were conducted on
6:9:2-RHC and 6:9:2-RHC + 0.1CMK3 samples in the des-
orbed state using the IN5 time-of-flight cold neutron spec-
trometer at the Institute Laue-Langevin (ILL), Grenoble,
France.””® Approximately 400 mg of each sample was loaded
into hollow cylindrical sample holders, with a 0.5 mm gap
between the inner and outer cylinders. The outer cylinder had
a diameter of 15 mm, ensuring optimal sample thickness and
uniform neutron transmission during the experiment.
Measurements were performed at —73 °C, 25 °C, 100 °C, and
200 °C temperatures using a cryofurnace, with incident neutron
wavelengths of 4.9 A and 8 A, covering a momentum transfer
range of 0.2-2.5 A~*. Vanadium standards and empty sample
holders were used for resolution and background correction.
Data reduction was conducted using MANTID, while data anal-
ysis was performed using DAVE software.”*””

The measurements were performed at two energy resolu-
tions, 80 peV and 20 peV (full width at half-maxima), corre-
sponding to observable timescales (o5 = 24#/FWHM) of ~16 ps
and ~66 ps, respectively. The experiments probed molecular
motions of hydrogen-containing groups ([BH,]” and [NH,] )
within the 6:9:2-RHC and 6:9:2-RHC + 0.1CMK3 systems
over a temperature range of —73 °C to 200 °C, aiming to
understand the effect of CMK-3 on the system's absorption and
desorption properties. The measured signal, dominated by
hydrogen's incoherent scattering cross-section, reflects the
dynamic structure factor S(Q, w), which probes the self-corre-
lation function of hydrogen atoms, capturing both long-range
motions (e.g., diffusion) and localized dynamics (e.g., molecular
rotations). If the probed atoms remain immobile, the scattering
function S(Q, w) consists solely of an elastic peak centered at

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta00801a

Open Access Article. Published on 23 March 2026. Downloaded on 6/12/2026 8:05:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

zero energy transfer, which can be represented by a delta (6)
function. In contrast, when atomic or molecular dynamics are
present, then the quasielastic components appear and are
typically modeled with one or more Lorentzian functions.”

3. Results

Thermal behavior of 6:9:2-RHC and 6:9:2-RHC + 0.1CMK3
was studied using differential thermal analysis (DTA). The DTA
measurements were conducted at a heating rate of 5 °C min ™"
from RT up to 300 °C (Fig. 1a). The DTA thermogram of the pure
sample shows two distinct endothermic peaks. The minor peak
(peak 1, zoom in) observed at ~115 °C corresponds to the
polymorphic phase transition of LiBH, from its orthorhombic
to hexagonal crystal structure.”

The subsequent thermal event (peak 2) is the main dehy-
drogenation process. In contrast, the sample containing CMK-3
exhibited a single dehydrogenation peak at approximately 170 °©
C, 10 °C lower than the pure system. The characteristic endo-
thermic event of the LiBH, polymorphic phase transition was
not detected. This observation may indicate the interaction of
LiBH, with other components, consistent with previous results.
The reaction could occur with LiNH, formed from the reaction
of Mg(NH,),-LiH and leads to the formation of a solid solution
based on LiBH, and LiNH,.*® The gases released during thermal
events were analyzed using a mass spectrometer (MS) (Fig. 1b).
In both samples, H, is identified as the primary evolved gas.
However, in the case of 6:9:2-RHC, a minor NH; release is
observed at temperatures above 220 °C, whereas the 6:9:2-
RHC + 0.1CMK3 composite suppressed the NH; signal over the
entire investigated temperature range.

To investigate the underlying origin of the improved reaction
kinetics in the CMK-3 modified system, the apparent activation
energies (E,) of both the pristine and modified composites were
determined using Kissinger's method.”® The peak reaction
temperatures (Ty,), determined from DTA measurements at
different heating rates (1, 2, 5 and 10 °C min "), were used in
eqn (3). The corresponding DTA curves are provided in SI-
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Fig. S1. The linear relationship between In(8/T,?) and 1/T}, was
plotted, and the slope of the fitted line was used to determine
the value of E, (Fig. 2). The activation energy for the dehydro-
genation process of the pure system was found to be 117 £+ 1 kJ
mol ™!, while the sample modified with CMK-3 showed
a reduced activation energy of 106 & 2 k] mol™~*. Therefore, the
improved reaction kinetics observed in the composite system
upon incorporation of CMK-3 can be attributed to a reduction
in the apparent activation energy, which suggests a lowering of
the energy barrier associated with the rate-limiting step.

To further validate the implied reduction in the energy
barrier associated with the rate-limiting steps, isothermal
volumetric measurements were conducted to monitor the
dehydrogenation/hydrogenation reaction kinetics of both
composite systems. The isothermal dehydrogenation and
hydrogenation performance of the pure system and the samples
incorporated with CMK-3 were measured at 180 °C. As can be
seen in Fig. 3a, the kinetics of hydrogen uptake and release of

e 6:9:2-RHC

-104 * 6:9:2-RHC+0.1CMK3
. Ea=106£2kJ mol™
P
& -11
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Fig. 2 Calculation of activation energy derived from DTA with
different heating rates (1, 2, 5 and 10 °C min~?) using the Kissinger
method.
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Fig.1 DTAcurvesof6:9:2-RHCand 6:9:2-RHC + 0.1 CMK3 in the temperature range of 25-300 °C with a heating rate of 5 °C min~! (a). MS
graphs showing the evolution of hydrogen and ammonia gases during thermal events (b).
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Fig.3 First and tenth isothermal dehydrogenation at 180 °C and 1 bar and hydrogenation at 180 °C and 80 barof 6 : 9: 2-RHC and 6 :9: 2-RHC
+ 0.1CMK3 (a). First dehydrogenation and hydrogenation at 140 °C, under the same pressure conditions (b).

6:9:2-RHC + 0.1CMK3 are significantly improved, reconfirm-
ing and solidifying the above results obtained by calorimetry.
The absorption kinetics show a remarkable acceleration as
compared to the pristine material. During the first hydrogena-
tion cycle, 3 wt% of hydrogen is absorbed in only 3 minutes,
while the pure sample requires over 30 minutes to reach the full
capacity. The dehydrogenation of the modified material reaches
3 wt% of hydrogen within 25 minutes, whereas the pure system
takes approximately 60 minutes. Moreover, the hydrogenation
and dehydrogenation kinetics of the CMK-3 modified system
remain almost unchanged after ten cycles, whereas the kinetics
of the pure system decreases significantly.

As shown in Fig. 3b, hydrogenation and dehydrogenation
can also be achieved at lower temperatures of 140 °C, with
a faster rate as compared to the pure material. This improve-
ment highlights the catalytic role of CMK-3, which promotes
more efficient hydrogen transfer and enhances the overall
reaction kinetics even at lower temperatures.

To assess the improved reversibility and cycling stability of
the CMK-3-modified system, ten consecutive isothermal volu-
metric desorption-absorption cycles were performed on both
the pure and CMK-3 modified materials (SI-Fig. S2 and S3). 6:
9:2-RHC + 0.1CMK3 exhibited a reversible hydrogen storage
capacity of ~3 wt% with 98% capacity retention over the first ten
cycles with much faster kinetic rates (SI-Fig. S4), whereas the
pure system retained only 90% of its initial capacity under the
same conditions. These results clearly demonstrate that CMK-3
significantly helps in enhancing both the reversibility and long-
term cycling performance of the material.

To elucidate the evolution of the rate-limiting steps during
the hydrogenation and dehydrogenation processes of 6:9:2-
RHC and 6:9:2-RHC + 0.1CMK3, the Johnson-Mehl-Avrami
(JMA) kinetic model was applied to both the first and ninth
reaction cycles. The application of this model, which describes
transformation kinetics governed by nucleation and subse-
quent growth mechanisms, aimed to assess potential changes
in the reaction pathway over multiple dehydrogenation/hydro-
genation cycles. Specifically, various forms of the JMA model
(F1-F5; see SI-Table S1 for more details) were evaluated to
determine the best fit to the experimental data and to identify
the underlying kinetic mechanism. For 6:9:2-RHC, the dehy-
drogenation reaction during both the first and ninth cycles
followed the F2 JMA model, whereas the hydrogenation cycles
were best described by the F1 model (SI-Fig. S5-S8).

These findings align well with a previous study reported by
Gizer et al.*® The F1 model indicates a mechanism involving
random nucleation and one-dimensional interface-controlled
growth, where the reaction rate is limited by the movement of
the phase boundary (Table 1). In contrast, the F2 model repre-
sents a random nucleation mechanism coupled with two-
dimensional diffusion-controlled growth, where diffusion of
species dictates the reaction rate. Similarly, for 6:9:2-RHC +
0.1CMK3, the reactions follow the same kinetic models as 6:9:
2-RHC, as shown in SI-Fig. S9-S12.

Investigating the reaction pathways on the atomistic scale
during the dehydrogenation/hydrogenation process, SR-XRPD
and FTIR analyses were carried out. The combined use of both

analysis techniques enabled the identification of both

Table 1 Rate limiting process derived by using the Sharp and Jones method®

Dehydrogenation Hydrogenation
Sample 1st 9th 1st oth
6:9:2-RHC F2 F2 F1 F1
6:9:2-RHC + 10CMK3 F2 F2 F1 F1

% F1: JMA, n = 1, interface controlled - 1D growth with an interface-controlled reaction rate. F2: JMA, n = 2, diffusion controlled - 2D growth of

existent nuclei at a constant interface rate.
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crystalline and amorphous phases present in the samples. SR-
XRPD patterns of the ball-milled 6:9:2-RHC and 6:9: 2-RHC +
0.1CMK3 confirmed the presence of the reactants Mg(NH,),,
LiH and LiBH, with no detectable crystalline carbon-containing
phases (Fig. 4a). After the first dehydrogenation step, both
samples show diffraction peaks corresponding to dehydro-
genated products, Liy(BH,)(NH,); and Li,Mg,(NH);, consistent
with the literature.®*” In agreement with the as-milled sample,
no evidence of interaction between the carbon additive and the
reaction products was detected. This indicates that the ball
milling process effectively facilitates only the homogeneous
dispersion of the carbon additive throughout the material but
does not affect its chemical state.”” SR-XRPD analysis of samples
in the ball-milled state and after first hydrogenation state
confirms the presence of reactants, again with full reversibility
of the dehydrogenation/hydrogenation cycle (SI-Fig. S13a). We
detected a minor peak belonging to Mg-O because of sample
surface oxidation during the measurements. The average crys-
tallite sizes of 6:9:2-RHC and 6:9:2-RHC + 0.1CMK3 were
calculated from the SR-XRPD data using the Scherrer equation
(eqn (3)). In the ball-milled state, the pristine composite
exhibited an average grain size of approximately 14 nm, while
the CMK-3 modified sample showed a slightly smaller size of
~13.3 nm, indicating effective refinement during mechanical
milling (SI-Table S2). After the first dehydrogenation cycle, the
crystallite size of the pristine sample increased to ~25 nm,
whereas the CMK-3 containing composite retained a finer grain
size of ~19 nm, suggesting that CMK-3 effectively suppresses
grain coarsening during hydrogen release.

FT-IR analysis was carried out to reconfirm the presence of
reactants and products as observed by XRPD. FT-IR spectra were
recorded in the range of 3000-3500 cm ™" for clarity in eluci-
dating the reaction mechanism (Fig. 4b). The FT-IR spectra of
pure and CMK-3 modified materials in the as-milled state
confirm the N-H stretching vibrations of Mg(NH,), at 3273 and
3327 em™ . In the desorbed state, the samples show a broad
band with two distinct peak positions at 3164 and 3197 cm ™,
which belongs to Li,Mg,(NH);. Additionally, characteristic
peaks at 3243 and 3302 cm™ ' confirm the presence of Li,(-
BH,)(NH,)3, consistent with the literature reports.” The BH,
stretching vibrations of LiBH, in the ball-milled state and of the

This journal is © The Royal Society of Chemistry 2026

BH,  units in Li,(BH,)(NH,); after desorption were also iden-
tified (SI-Fig. S13b). SR-XRPD and FT-IR results suggest that the
hydrogen storage in this system proceeds through a specific
reaction mechanism, as explained below (eqn (4)), without any
interaction with the additive CMK-3.

+ Ll4(BH4)(NH2)3 + LiBH4 + 3H, (4)

X-ray diffraction (XRD) provides information on the crystal
structure and phase composition; on the other hand, Fourier
transform infrared (FT-IR) spectroscopy probes functional
groups and local bonding environments at the atomic and
molecular scales. To gain more detailed understanding about
how CMK-3 influences the nano- and microstructures of the
composite system, we carried out SANS/USANS analysis.
Combined SANS/USANS cover a broad Q-range (from ~10~* to
~1 A7), which allows the probing of structural features from
micrometers down to a few nanometers.

The following section presents the SANS/USANS results in
a chronological and comparative framework, beginning with
the as-milled samples, followed by those subjected to an initial
desorption and concluding with samples that have undergone
a full dehydrogenation-hydrogenation cycle. The scattering
profiles were analyzed across the full accessible Q-range, which
allow the characterization of structural features from the
mesoscale to the nanoscale. To systematically highlight and
compare the structural features, the scattering curves are
segmented into defined Q-intervals in the following analysis.
Fig. 5 displays the SANS/USANS scattering curves for the pure
and CMK-3 incorporated samples in the ball-milled state,
alongside the curve for the pristine CMK-3 material, which
serves as a structural reference. For clarity, the scattering curve
of the CMK-3 reference was downscaled by a factor of 1.5 for
comparison. Upon initial inspection of all scattering profiles,
one can observe that the scattering curves of both composites
exhibit different scattering regions with distinct scattering
behaviors.

Q=L+ 1,+1I,+B (5)
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Fig.5 SANS/USANS scattering profiles of the pristine 6: 9 : 2-RHC and
CMK-3 modified 6:9:2-RHC + 0.1CMK3 composites in the ball-
milled state, along with the as-received CMK-3 reference sample.

where I; describes the intensity behavior in the low Q-region,
spanning between the USANS and the low Q-limit of the SANS
regime. I, and I, represent the scattering intensities of the
intermediate and high Q ranges, respectively. Additionally,
incoherent neutron scattering from hydrogen atoms in the
samples contributes to a constant isotropic background B,
which can be observed as a uniform intensity offset. In the
USANS to the beginning of the SANS region, the scattering
intensity behavior of both samples reflects the differences in
mesoscale structural features in this regime, such as aggregate
compactness or hierarchical organization. Indeed, a compar-
ison of the scattering profiles for all three samples in this region
reveals a consistent power-law decay, extending over nearly one
order of magnitude in Q (~107* to 10~ A™Y), indicating the
presence of fractal-like structural correlations over a decade of
length scale. Therefore, the scattering intensity in this region
can be expressed as:

Q) « O°° (6)

Notably, the CMK-3 incorporated sample shows a slight
deviation from this ideal power-law behavior ([Q;; Q.]), which
occurs only at Q; within the interval [Qy; Q,] < 10~* At sug-
gesting modifications in long-range structural order. In
contrast, the pure sample after milling follows an ideal power-
law behavior over a large range of Q [Qo; Q4] with an exponent of
a = 2.3 (dotted red line). This decay exponent is characteristic
of an open mass fractal structure composed of loosely con-
nected aggregates with a relatively low spatial connectivity. In
contrast, the 6: 9: 2-RHC + 0.1CMK3 sample exhibits a relatively
higher scattering decay exponent (« = 2.9; dash-dot black line)
across the probed Q-range, indicating a transition toward
a more densely connected mass fractal network.””® For refer-
ence, the scattering profile of the pure CMK-3 sample has
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a scattering decay exponent of & = 3.0 (dash-dot green line),
consistent with a morphology intermediate between a highly
compact mass fractal and a rough surface fractal. Notably, the
6:9:2-RHC + 0.1CMK-3 composite matrix exhibits a signifi-
cantly higher scattering decay exponent compared to the pure
composite; it is very close to the exponent value of the pure
CMK-3 reference sample. This elevated decay exponent in the
6:9:2-RHC + 0.1CMK3 sample reflects a more compact, self-
similar aggregate morphology characterized by increased
spatial density and enhanced structural connectivity over
extended length scales. The similarity in the scattering expo-
nent between the CMK-3 modified composite and the pristine
CMK-3 reference suggests that the carbon additive retains its
intrinsic hierarchical, fractal-like architecture, despite under-
going mechanical incorporation into the hydride components
through high-energy ball milling. More importantly, the pres-
ence of CMK-3 appears to significantly influence the structural
organization of the composite, acting as a framework that
constrains or directs the spatial distribution of the hydride
phase. This templating effect governs the development of
hierarchical features over a broad range of length scales, from
a few microns down to several hundred nanometers.

In the intermediate Q-range, both the pure and modified
composites exhibit a broad Bragg-like shoulder after the milling
process, extending across a broad Q region (roughly within the
interval [Q,; Qs]), indicative of structural order typically associ-
ated with phase domains of some shape and sizes. The scat-
tering behavior in this region, therefore, can be expressed as:

Q) * (Apm)* X Vi X Pn(0) X Sm(Q) (7)

In this context, Ap,, denotes the difference in the scattering
length density (SLD) between two phases. This difference is
defined as the scattering “contrast”. The volume of the scat-
tering object is denoted as V,,,, while P,,(Q), the so-called form
factor, characterizes the internal shape and size of individual
scatterers. Interparticle interactions are described by the
structure factor, Si,(Q). The unaltered position and profile of the
shoulder, however, indicate that the incorporation of CMK-3
does not substantially modify the spatial correlations at these
length scales. The characteristic size of the associated structural
features was estimated, by fitting the region with the shape-
independent Guinier-Porod model (eqn (8)).*

(4% ﬂ] -
I(g) = Q‘ve"p{ 3o 259 ®)
pjo"  0=0

This is based on the generalized Guinier law,*" and by using
this equation and optimizing the parameter § = 3 — s, we can
estimate the shape of the objects. If ¢ = 3, then the Guinier-
Porod equation (eqn (8)) transforms the standard Guinier
formula for spherical objects. Similarly, when 6 = 2, the shape
of the objects can be approximated by rod-like structures, and
lastly if 6 = 1 the objects can be assumed as lamellae or plate-
lets, respectively. The quantities Q; and D in eqn (8) are

This journal is © The Royal Society of Chemistry 2026
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determined using the continuity conditions of the Guinier and
Porod functions and their derivatives:

O1=—+V(m—-s5)(3-13)/2 (8.1)

m—s

PRI VR T

The model was fitted on 6:9:2-RHC and 6:9:2-RHC +
0.1CMK3 scattering curves (SI-Fig. S14a and b), respectively. The
fit parameters for the pure system resulted in R, = 8.2 nm and s
=~ 1.7, and similarly the parameters of the model fitting of 6: 9 :
2-RHC + 0.1CMK3 resulted in R, = 8 nm and s = 1.8. The
dimensionality parameter ¢ of the pure system is roughly 1.3,
and the one for the CMK-3 modified system is 1.2. These values
of ¢ suggest that the shape of the structures is in both samples
more like plates. The dimension of the structures in this region
can be estimated, as a first approximation, to D ~60 nm, using
the following formula:

(8.2)

D = 2%/Q ©)

While the shape and position of the scattering feature in this
intermediate Q range remain nearly identical in both samples,
the scattering profile of the modified sample shows consistently
higher scattering intensity over the entire Q-range. Considering
the overall similarity of the scattering profiles of both samples
across most of the Q-range, with notable deviations only at very
low and very high Q values, the increased scattering intensity
observed in the CMK-3 incorporated sample can be attributed to
the presence of CMK-3 additive at these length scales, which
introduces additional scattering contrast due to its distinct
scattering length density in eqn (7). To estimate the contrast for
both hydride composites in this Q region, a simple multiphase
physical mixture model can be assumed as a first-order
approximation:

10),% (80, =3 bt (0 — )’

i1 =1

(10)

Here, ¢; denotes the volume fraction of the ith phase and p; its
corresponding scattering length density (SLD). Using eqn (7),
the relative scattering intensities of the pure and CMK-3
modified samples can be estimated. Based on the calculated
average contrast values, the modified composite exhibits
a scattering intensity that is approximately 1.5 times greater
than that of the pure composite, which is in good agreement
with the experimentally obtained results shown in Fig. 5.
Examination of the high Q region (Porod regime; [Qs; Q4]) in
the scattering profiles of the as-milled samples reveals minor
variations in intensity. To enhance the visibility of subtle
differences and facilitate a more qualitative comparison, the
corresponding curves were re-plotted in a Kratky representation
(Fig. 6), together with the CMK-3 reference profile for context.
For the sake of visual clarity in comparison, the scattering
curve of the CMK-3 modified composite in Fig. 6 was

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Kratky plot of SANS/USANS scattering profiles of the pristine 6 :
9:2-RHC and 6:9:2-RHC + 0.1CMK3 composites in the ball-milled
state, along with the CMK-3 reference sample.

downscaled by a factor of 1.5. It is worth noting that the Kratky
representation shown in Fig. 6 distinctly emphasizes the simi-
larity in fractal scattering characteristics between the as-milled
modified composite and the CMK-3 reference, alongside the
comparable Bragg shoulder features observed in both the as-
milled pure and modified composite samples. Moreover, by
examining the scattering curves of both samples in the interval
[Q3; Q4), a clear deviation in scattering behavior between the
pure and modified composites can be observed. The modified
sample exhibits a well-defined shoulder with a weakly
pronounced maximum, whereas the pure composite displays
a decrease in intensity, reaching a local minimum within the
same region. Notably, the position of the shoulder maximum of
the CMK-3 incorporated sample coincides with the primary
Bragg peak of CMK-3, located at Q = 0.07 A™*. Applying eqn (9),
this peak corresponds to a real-space periodicity of approxi-
mately 9 nm. This dimension is associated with the center-to-
center spacing of the mesopores in CMK-3, corresponding to
the (100) reflection of its two-dimensional hexagonally ordered
mesostructure.®” These findings provide strong evidence that
the structural integrity of the CMK-3 additive is maintained at
both the micro- and nanoscales, despite the mechanical effects
of the ball milling process. The scattering intensities of both
samples gradually transition into a flat background in the
interval [Q,; Qs] at very higher Q-values, effectively masking
structural correlations in this regime. Therefore, the scattering
intensity can be described in this region by:

IO + B« (Apy)” x Vi x PR(Q) x Sy(Q) + B (11)

Here, the structure factor S,(Q) cannot be neglected due to the
embedded and well-maintained structure of CMK-3 in the
hydride matrix. Fig. 7a presents the SANS/USANS results of the
samples following hydrogen release, with the scattering profile
of CMK-3 included for reference. For clarity, the scattering
curves of the 6:9:2-RHC and 6: 9 : 2-RHC + 0.1CMK3 desorbed
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Fig. 7 SANS/USANS scattering profiles of the desorbed 6 : 9 : 2-RHC and desorbed 6 : 9:2-RHC + 0.1CMK3 composites, along with the CMK-3
reference sample (a). Kratky plots of 6:9:2-RHC + 0.1CMK3 and CMK-3 reference (b).

samples and the CMK-3 reference have been vertically offset by
a factor of 1.5. Following the desorption process, both samples
display nearly identical scattering profiles across the USANS
regime and into an extended portion of the SANS region,
beyond which distinct deviations become apparent. Across the
entire accessible Q-range, both samples exhibit characteristic
power-law scattering behavior, extending from the lowest Q
values in the USANS regime to high-Q values in the SANS region.
Notably, at roughly Q, = 1.12 x 10~* A~ a crossover in the
power-law behavior can be observed, marking a transition
between two distinct power-law regimes. This change in slope
indicates a variation in the underlying structural features at
different length scales. The characteristic length scale at the
crossover point can be estimated to / = 5 um, using eqn (13).
Below the crossover point Q, in the USANS regime (3.9 x 10> <
Q = 1.12 x 10~* A™"), the scattering intensity follows a shallow
power-law decay with an exponent of & = 1.2, indicative of
large-scale, mass-fractal features. This suggests the presence of
extended, self-similar, loosely connected structural networks
with hierarchical porosity in both samples, which most likely
reflect the large-scale agglomeration of the composite domains
with domain sizes greater than 5 um. However, it should be
noted that the observed Power-law behavior does not extend
over a full order of magnitude within this Q-range, thereby
constraining the reliability and accuracy of the structural
interpretation and conclusions drawn from this regime.

Above the crossover point, within the [Qo; Q] interval
spanning the Q-range between the lower USANS and the inter-
mediate SANS regime (1.12 x 10™* < Q =< 1.5 x 10~2 A™1), both
samples exhibit a steeper power-law decay in scattering inten-
sity, characterized by an exponent of « = 3.2. This behavior is
indicative of surface-fractal morphology, suggesting that the
dominant structural features in this length scale regime
(approximately from 40 nm up to 5 um) are governed by rough/
irregular interfaces rather than smooth particle/grain bound-
aries. In contrast to the desorbed CMK-3 modified sample, the
desorbed pure sample maintains the same power-law trend up
to Q, = 3 x 107> A™!, beyond which the scattering intensity
levels off to a constant background scattering, indicating the
absence of detectable structural features at smaller length

J. Mater. Chem. A

scales. Within the interval [Q; = 1.5 x 1072 A™; Q; = 1.5 x
10~ A™'] (Fig. 7a), the desorbed sample containing the CMK-3
additive exhibits a pronounced deviation from power-law
behavior, characterized by the emergence of a broad Bragg
shoulder. Within the interval [Q,; Qs], the scattering intensities
of both samples gradually transition into flat background
scattering. Therefore, the general form of the scattering curve of
the desorbed samples can be described as:

2

Q) > 1,(Q) + Apy* x V¥ x Pu(Q) x Su(Q) + B

i=1

(12)

where I;(Q) describes the power-law scattering of the ith
segment at low angles. To more clearly highlight the deviation
in scattering behavior of the CMK-3 modified composite within
the [Q1; Qs] range, its scattering curve was replotted in a Kratky
representation and compared with that of the CMK-3 reference
material (Fig. 7b). This representation emphasizes subtle
features associated with structural differences introduced by
the additive. As shown in Fig. 7b, the modified sample exhibits
a distinct Bragg shoulder within the [Qy; Q] interval, with its
peak position coinciding with that of the CMK-3 reference. This
alignment provides strong evidence that the characteristic
mesoporous ordering of CMK-3 is retained over the desorption
process and preserves its structural framework at the nano-
metric scale. Furthermore, these results suggest that the pres-
ence of CMK-3 additive exerts a significant influence on the
nanostructure of the hydride. The results indicate that, during
the desorption process, hydride particles/grains with dimen-
sions ranging approximately from 4 to 40 nm are formed and
effectively stabilized by the presence of the CMK-3 additive.
These nanoparticles are homogeneously distributed among
larger, fractured particles, which are assembled into loosely
connected networks
porosity.

In contrast, the pure sample shows no distinct size distri-
bution across either the nanometric or micrometric scales.
Instead, it exhibits scale-invariant fractal scattering over the
entire Q-range, indicative of surface roughness spanning
multiple length scales. A crossover in the USANS regime marks
a transition from surface fractal to mass fractal scattering,

exhibiting pronounced hierarchical

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 SANS/USANS scattering profiles of 6:9:2-RHC and 6:9:2 RHC + 0.1CMK3 composites in the absorbed state, along with the CMK-3
reference sample (a). Kratky plots of 6:9:2-RHC + 0.1CMK3 in the absorbed state and CMK-3 reference (b).

suggesting agglomeration of these particles with rough surfaces
to larger, loosely connected mass fractals. To monitor the
structural evolution of the pure and modified samples over
a complete dehydrogenation-hydrogenation cycle, the desorbed
samples were rehydrogenated and were measured by SANS/
USANS. The scattering profiles of both samples following one
full cycle are presented in Fig. 8a, alongside that of the CMK-3
reference.

For clarity, the scattering curves of CMK-3 reference sample
have been vertically shifted. After a full cycle, the scattering
profiles of both samples display a fractal-like behavior across
the entire accessible Q-range, except at very high Q values where
the incoherent scattering dominates the scattering profile. In
the hydrogenated (absorbed) state, similar to the desorbed
state, both the pure and modified samples exhibit two distinct
power-law scattering regimes, indicative of a hierarchical
structural organization extending across multiple length scales.
The first regime, observed at lower scattering vectors, is char-
acterized by decay exponents in the range 1 < « < 3, corre-
sponding to mass fractal behavior, where the exponent o = Dy,
defines the mass fractal dimension Dy,,. This regime reflects the
spatial arrangement and connectivity of self-similar particle
agglomerates. In this context, the pristine sample exhibits
a power-law decay with an exponent of « = 1.5 over the interval
[Qo = 3 x 107% Q; = 1.3 x 10~* A™"], consistent with moder-
ately compact fractal aggregates of relatively high mass density.
In comparison, the CMK-3 modified composite shows a lower
exponent of @ = 1.2 across an extended range [Q, = 3 x 107
Q. = 2.1 x 10~* A™'], indicating the formation of looser, more
open and weakly connected fractal networks. Furthermore, the
crossover to the next scattering regime occurs at a higher scat-
tering vector for the doped sample (Q, = 2.1 x 10™* A™*, ~3
um) compared to the pure one (Q; = 1.3 x 10~* A™*, ~5 um),
implying that the structural correlation length is smaller in the
modified system. In the second regime, at higher scattering
vectors beyond the respective crossover points, both systems
exhibit decay exponents in the range 3 < « < 4, corresponding to
surface fractal behavior, where the surface fractal dimension is
defined by Dy = 6 — «. This regime probes the morphological
complexity and roughness of the particle surfaces. Here, the
pure sample demonstrates a steeper decay with « = 3.5 over the
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range [Qy; Q3 = 3 x 1072 A™'], yielding a surface fractal
dimension of Dy = 2.5, indicative of moderately rough surface
morphologies. In contrast, the modified sample exhibits
a gentler decay with a = 3.1 over the range [Q,; Q3], corre-
sponding to a higher surface fractal dimension of Dy = 2.9,
which reflects more irregular, highly rough surfaces with
a greater degree of morphological complexity at the grain
boundaries. This elevated surface roughness aligns closely with
the properties of the CMK-3 additive itself. Specifically, the
modified sample exhibits a surface scattering exponent (a =
3.1) that closely approximates that of the pure CMK-3 reference
(e« = 3), which corresponds to a surface fractal dimension
approaching the theoretical upper limit of Dy = 3. This mutual
similarity in surface morphology suggests a partial transfer of
the additive's fractal surface characteristics to the composite.
Such structural inheritance is plausible, given the high surface
area and mesoporous nature of CMK-3, which can serve as
a physical template or structural scaffold during the hydroge-
nation/dehydrogenation cycling. As hydride phases nucleate
and grow within or adjacent to the CMK-3 matrix, the additive's
rigid, ordered pore architecture may constrain particle growth,
promoting interfacial roughness, and may prevent sintering or
coarsening. Consequently, the composite retains the hierar-
chical, high-surface-area features of the carbon framework,
leading to enhanced fractal surface morphology and improved
accessibility for hydrogen sorption processes. These results
confirm that, upon cycling, the CMK-3 additive promotes both
smaller, less compact aggregate formation and enhanced
surface roughness, contributing to a more porous and acces-
sible microstructure for hydrogen sorption. To investigate the
presence and stability of the CMK-3 mesoporous structure
within the composite matrix, the scattering profile of the CMK-3
modified sample was reanalyzed using the Kratky representa-
tion and compared with that of the pristine CMK-3 reference
material. As can be seen in Fig. 8b, within the characteristic
scattering vector range [Qs; Q4] associated with ordered meso-
pores, the modified sample does not have visible diffraction
features attributable to CMK-3.

The particle size distributions, N(r)*r* versus radius r,
derived from the modelling (eqn (13))* of scattering data for the
BM samples are shown in Fig. S15b. The 6:9:2-RHC-BM
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Fig. 9 Temperature-dependent QENS spectra of 6:9:2-RHC and 6:
0.1CMK3 (b) at a wavelength of 4.9 A and Q of 0.4 A™%.

sample exhibits a broad distribution with a peak centered at
approximately 5.5 pm. The addition of 10CMK3 results in a shift
of the distribution for 6:9:2-RHC + 0.1CMK3-BM to smaller
radii, with a peak at around 4.5 pm, and a slightly narrower
overall distribution. Similarly, SI-Fig. S16e and f represent the
particle size distribution after the first desorption cycle. The 6:
9:2-RHC-des sample shows a broad distribution peaking
around 4.5 pm. In contrast, the 6:9:2-RHC + 0.1CMK3-des
sample displays a much sharper and narrower distribution,
with its peak shifting significantly to smaller radii, approxi-
mately 3 pm.

I(qg) =1 <sin (D - l)arctan(Qg)]/(D ~1oE(1+ Q252)<D71>/2>
(13)

with:

22— 2Rg2

DD+ 1) (13.1)

Here, D denotes the fractal dimension, and £ corresponds to
a characteristic linear size of the aggregate, which is propor-
tional to the radius of gyration R,.

The grain size distributions for the ball-milled samples show
that both 6:9:2-RHC-BM and 6:9: 2-RHC + 0.1CMK3-BM (SI-
Fig. S16b and c) have distributions in the range of 15-20 nm.
The distribution for 6:9:2-RHC + 0.1CMK3-BM appears
slightly shifted to larger grain sizes and is somewhat broader
than that of 6 : 9 : 2-RHC-BM. After the first desorption cycle, the
grain size distributions are significantly altered. The 6:9:2-
RHC-des sample shows a broad distribution peaking around
25-30 nm. Conversely, the 6:9:2-RHC + 0.1CMK3-des sample
exhibits a much sharper and narrower grain size distribution,
with its peak shifted to smaller sizes, approximately 17 nm. This
suggests that CMK-3 helps to avoid particle agglomeration and
enhance the diffusion or redistribution of components during
hydrogen release. Structural characteristics of CMK-3 may
enhance diffusion pathways for ionic species such as Li*, H™,
NH, , and BH, , thus contributing to faster hydrogen release
and improved kinetics. To confirm and further explore the ionic
dynamics, QENS experiments were performed.
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QENS experiments were performed on 6:9:2-RHC and 6:
9:2-RHC + 0.1CMK3 in their desorbed state. In the desorbed
state, the reaction products are Li,(BH,)(NH,);, and Li,Mg,(-
NH);. QENS comprehensively investigates the ion dynamics
(NH,™ and BH, ) and observes the effect of CMK-3 on these
dynamics. QENS analyses were performed at neutron wave-
lengths of 4.9 A and 8 A. These wavelengths cover a momentum
transfer (Q) range of 0.2 to 2.2 A™*, which is sufficient for the
investigation of ion dynamics at multiple spatial and temporal
scales. Measurements were performed across a temperature
range of —73 °C to 200 °C to capture both low-temperature and
high-temperature behaviors. For clarity, only data recorded at
25 °C and 100 °C are presented here (Fig. 9a), while analysis at
additional temperatures is included in SI-Fig. S17.

To investigate the dynamical processes in the material,
quasi-elastic neutron scattering (QENS) measurements were
initially performed using a neutron wavelength of 4.9 A. This
wavelength provides access to higher momentum transfer (Q)
values and is particularly sensitive to rapid, localized ionic
motions. The QENS spectrum of 6:9:2-RHC at room temper-
ature exhibits moderate broadening relative to elastic reference
measured with vanadium, indicating the presence of dynamic
processes within the sample (Fig. 9a, zoom-in). These dynamics
are primarily attributed to reorientation and diffusive motions
of ionic species, especially involving the [NH,]™ and [BH,]”
anions. In particular, the CMK3-containing sample (6:9:2-
RHC + 0.1CMK3) shows more pronounced spectral broadening
compared to 6:9:2-RHC, even at 25 °C (Fig. 9a). This suggests
that the incorporation of mesoporous carbon enhances ionic
mobility at lower temperatures. Furthermore, the QENS
broadening increases with temperature, e.g., at 100 °C, further
supporting the role of CMK-3 in promoting faster ion dynamics.
A detailed analysis aiming to decouple and characterize the
individual contributions from [NH,]  and [BH,]  will be pre-
sented in a separate publication.

To analyze the type of motion and its geometry and to find
the contribution of [BH,]™ and [NH,]  dynamics, the experi-
mental data of 6:9:2-RHC and 6:9:2-RHC + 0.1CMK3 have
been fitted using eqn (14). It has a single Lorentzian function for
quasielastic broadening, one resolution function derived from

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Rotational activation energy and residence time of the pure
system 6:9:2-RHC and with CMK-3.

vanadium standard for the elastic part and a flat background b,
to account for faster motions.**

S(Q.0) = R®[Ay(Q)d(w) + A (Q)L(I)] + by (14)

Here, I' is the HWHM of the Lorentzian function L, and A, and
A, denote the elastic and quasielastic scattering intensities,
respectively. The model fitting was performed at the data
measured at 100 °C, shown in Fig. 9b and S18. Model fitting
gives us critical information about the contribution of ion
dynamics, HWHM, elastic contribution and quasielastic
contribution, which can be used further to get useful informa-
tion like geometry and type of motion.

The HWHM (I') of the Lorentzian function provides insight
into the timescales of molecular motion for [BH,]™ and [NH,] .
It is directly related to the characteristic residence time (z,) of
rotational movements through the relation I = A/, where 7 is
the reduced Planck constant (%/27m). As the temperature
increases, molecular motion becomes faster, leading to broader
Lorentzian peaks (higher I' values), which indicate more
frequent rotational jumps. The residence time () between
successive jumps is given by 7, = 7/I’, which helps to determine
the activation energy barrier for these thermally activated
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Fig. 11 EISF of 6:9:2-RHC (a) and EISF of 6:9:2-RHC + 0.1CMK3 (b).
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motions. The rotational activation energy barrier for hydrogen-
containing species [BH,]™ and [NH,]™ was calculated by fitting
the relaxation time In(z,) and 1/T according to the Arrhenius
equation (eqn (15)) to understand the impact of CMK-3 on
reorientational energy barrier.

7. = 10eXp(Ea/kpT) (15)

The activation energy for the localized reorientations was
calculated from the slope of the linear fit in Fig. 10. In the case
of 6:9: 2-RHC, the activation energy is 3.5 k] mol™ ", indicating
a moderate rotational energy barrier.* However, the addition of
CMK-3 significantly reduced the rotational activation energy to
2.5 kJ mol ™.

From the model fitting, using the perfectors 4, and A,, the
elastic and quasielastic incoherent structure factors (EISF and
QISF) were calculated using the following equations.

EISF = Ay/Aq + 4, (16)

QISF = 4,/4y + A; =1 — EISF (17)

The measurements at room temperature yield an Elastic
Incoherent Structure Factor (EISF) that is, on average, closer to
unity compared to those obtained at higher temperatures. In
general, an EISF value approaching one indicates that the atoms
remain largely immobile within the time and length scales
probed by the experiment. It suggests that a smaller fraction of
BH, anions undergo rotational motion at this temperature.
The EISF value increases with temperature for both the pristine
6:9:2 and CMK-3 incorporated samples, indicating more
active BH,  unit population. On the other hand, EISF values
decrease with increasing Q for both the pristine 6:9:2-RHC
and CMK-3 incorporated samples (Fig. 11a and b), which indi-
cate the presence of localized motions with confined
geometries.

To quantitatively estimate the fraction of dynamically inac-
tive BH, species (p), model fitting of the EISF data was per-
formed using the selected rotational model. The EISF was
compared with analytical expressions describing rotations of
BH, tetrahedra undergoing rapid uniaxial 120° around their
C, and C; symmetry axes, given by eqn (18).%
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represents the zeroth-order spherical Bessel

1

A(‘z/(‘s = 2 (1 8)

sin(x

Here, j, =

function, and dy_i; denotes the B-H bond distance. The fraction
of hindered BH, units is expressed by the parameter p, from
which the EISF, and QISF, are defined. A simultaneous fit of
EISF, andoQISFp (Fig. 11a and b) with dp_y varied between 1.12
and 1.22 A.

EISF, = s[p + (1= p)Acyc] (19)

QISF, =1 —s[(p + (1 — p)Acyc] = 1 — EISE, (20)

Model fitting of the QENS spectra indicates that the fraction
of active BH,  species participating in the motion increases
with temperature, increasing from ~10% at room temperature
to ~30% at 200 °C in both the pristine and CMK-3 modified
samples. The increase in the dynamically active fraction of
BH, ions correlates well with the QENS spectral broadening
(FWHM) at elevated temperatures. The scale factor (s) accounts
for small normalization differences between experimental data
and the fitted model.

Furthermore, to understand the type of motion in [BH,|™
and [NH,]  like localized or long-range, we studied the FWHM
relation with Q. Both the materials show almost constant
FWHM with increasing Q, a trend typical of localized dynamics
rather than long-range diffusion (SI-Fig. $19).”° Additionally, the
FWHM broadening is more pronounced in the CMK-3 incor-
porated sample, suggesting that CMK-3 promotes faster
dynamics, likely arising from the interface between its porous
structure and the hydride phases. In SI-Fig. S20, data at 8 A
show minimal broadening, reinforcing the idea that CMK-3
primarily enhances dynamics at shorter length scales, corre-
sponding to more localized motions.

4. Discussion

The incorporation of 10 wt% of CMK-3 into the reactive hydride
composite 6Mg(NH,), + 9LiH + 2LiBH, (6:9:2-RHC) shows
significant improvement in the hydrogen absorption and
desorption rates of the system, as demonstrated by the volu-
metric analysis (Fig. 3a). The CMK-3 modified sample was able
to absorb its maximum hydrogen capacity within only 3
minutes, while the pristine system required around 30 minutes
to reach full hydrogenation capacity. Similarly, the hydrogen
desorption time decreased from 60 minutes in the pure hydride
system to only 25 minutes in the CMK-3 modified sample,
which represents a 58% reduction in the hydrogen desorption
time. The volumetric analysis at low temperature (Fig. 3b)
further confirms the catalytic role of CMK-3, as the hydrogen
absorption/desorption time is also reduced compared to the
pure system. Cycling stability tests (SI-Fig. 4) show that the
CMK-3 modified sample maintains hydrogen capacity more
effectively than the pure sample. After 10 dehydrogenation/
hydrogenation cycles, the CMK-3 modified sample shows only
0.07 wt% capacity loss, compared to 0.12 wt% for the pristine

J. Mater. Chem. A

View Article Online

Paper

material. Using the DTA method (Fig. 2), we observed that the
activation energy of the CMK-3 modified sample is reduced (106
+ 2 kJ mol ") compared to the pure system (117 + 1 k] mol ).
Similarly, a range of carbon materials have been shown to
enhance the reaction kinetics of metal hydrides in the litera-
ture.®”®® In this work, the enhancement in hydrogen storage
performance of the modified system could be correlated with
structural and dynamical changes triggered by the addition of
CMK-3. SANS/USANS measurements (Fig. 5-8) were carried out
to monitor the structural changes from the milled state over the
entire desorption/absorption cycle of the system. The SANS/
USANS results of the milled samples show that CMK-3 modifies
the hierarchical organization of the 6:9:2-RHC system across
multiple length scales (Fig. 5 and 6). Both milled samples
revealed a fractal structure over a large Q range in the USANS
region. The CMK-3 modified composite exhibits a higher fractal
exponent (« = 2.9) compared to the pure sample (¢ = 2.3),
which reflects a more compact and connected network
morphology closely resembling pristine CMK-3 (« = 3). This
indicates that the mesoporous carbon acts as a structural
template, constraining particle agglomeration and preserving
accessible surface area. Further results (Fig. 6 and 7) show that
the mesostructural integrity of CMK-3 inside the modified
sample is preserved after ball milling at both the micro- and
nanoscales.

During ball milling, the presence of CMK-3 enablesthe 6:9:
2-RHC system to reach a smaller mean particle size (~4.5 pm)
compared to the pristine system (~5.5 pm) (SI-Fig. S15b). This
reduction in mean size remains evident even after desorption,
as the CMK-3 modified sample still exhibits a smaller mean
particle size (SI-Fig. S15d). This confirms the role of CMK-3 in
constraining particle agglomeration and preserving the acces-
sible surface area. After a full dehydrogenation-hydrogenation
cycle, the CMK-3 modified system maintains open mass fractal
networks (« = 1.2) with significantly enhanced surface rough-
ness (Ds = 2.9), closely matching with the CMK-3 reference.
This inheritance of fractal surface morphology promotes
porous, highly irregular interfaces that may enhance hydrogen
accessibility and diffusion through the phase boundaries. The
pristine sample, in contrast, forms denser aggregates with
smoother surfaces, potentially restricting hydrogen diffusion
pathways. Although the amount of CMK-3 used is relatively
small compared to the mass of the RHC, it provides a hierar-
chical structural framework that suppresses sintering, preserves
nanostructural stability, and enhances surface roughness.

These structural effects underpin the enhanced hydrogen
sorption kinetics by promoting smaller particle sizes, increased
porosity, and shorter diffusion pathways, thereby accounting
for the superior hydrogen storage performance of CMK-3
modified 6:9: 2-RHC composites.

QENS analysis of 6:9:2-RHC and 6:9:2-RHC + 0.1CMK3
(Fig. 9a) demonstrates that the incorporation of CMK-3 signif-
icantly enhances the dynamics of [BH,|” anions. At room
temperature (25 °C), the CMK-3 modified sample shows
noticeably stronger quasielastic broadening compared to pure
6:9:2-RHC, indicating that the presence of mesoporous
carbon promotes faster hydrogen-containing anion dynamics

This journal is © The Royal Society of Chemistry 2026
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even under mild thermal conditions. At a higher temperature
(100 °C), this effect becomes even more pronounced. The qua-
sielastic broadening further increases, and the corresponding
half-width at half-maximum (HWHM) (Fig. 9 a) values indicate
faster molecular motion, translating into shorter residence
times for rotational jumps. Model fitting of the S(Q, w) spectra
(Fig. 9b) confirms the distinct Lorentzian component, which
represents the fast rotational motions of [BH,]” anions. The
calculated reorientational energy barrier decreases by ~30%,
from 3.5 k] mol™" in the pristine 6: 9 : 2-RHC sample to 2.5 k]
mol ! in the CMK-3 modified composite (Fig. 10), which
suggests that the presence of CMK-3 lowers the energy required
for anion reorientation. This reduction in rotational energy
barrier supports faster local reorientation of BH,, which acti-
vates the B-H bond and facilitates local atomic rearrangements
and increases the probability of interactions between the reac-
tants.® The EISF data (Fig. 11) also exhibit a pronounced
temperature dependence, which reflects the activation of
localized reorientational motion of BH,  anions. Model fitting
of the EISF confirmed that the fraction of dynamically active
BH, species increases from approximately 10% at room
temperature to about 30% at 200 °C in both the pristine and
CMK-3 modified samples, consistent with progressive thermal
activation of BH, reorientation. The Q-independent FWHM
(SI-Fig. S19) of the quasielastic component demonstrates that
the motions probed are localized rather than long-range diffu-
sion,” suggesting that the carbon scaffold enhances dynamics
primarily at interfaces between the hydride grains and the
mesoporous framework.

These enhanced dynamics at both room and elevated
temperatures directly correlate with improved hydrogen storage
performance. These structural effects underpin the enhanced
hydrogen sorption kinetics by promoting smaller grain sizes,
increased porosity, and shorter diffusion pathways. The
resulting faster dynamics statistically increase the likelihood
that local interactions between reactants overcome Kkinetic
barriers, ultimately leading to more efficient product formation.
The CMK-3 additive therefore serves a dual role: (i) it provides
a mesostructured scaffold that stabilizes smaller hydride grains
and prevents agglomeration (as observed in SANS/USANS) and
(ii) it promotes faster local dynamics of hydrogen-containing
species, especially at room temperature where kinetic limita-
tions are most critical. The kinetic model that better describe
absorption and desorption (F1/F2) shows that the fundamental
reaction pathways remain unchanged, as was confirmed by FT-
IR and XRD analyses (Fig. 4 and S13),>'° while the overall kinetic
rate is significantly improved.

5. Conclusion

Through the combined use of cutting-edge experimental tech-
niques, including volumetric measurements, DTA, SANS/
USANS, QENS, FTIR and XRD, a comprehensive assessment of
the effects of CMK-3 incorporation into the 6: 9 : 2-RHC system
has been carried out. The integration of the mesoporous carbon
scaffold results in markedly faster hydrogen sorption kinetics,
reduced desorption times, improved low-temperature

This journal is © The Royal Society of Chemistry 2026
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performance and superior cycling stability compared to the
pristine material. These improvements are underpinned by two
key factors: (i) the structural role of CMK-3 in suppressing sin-
tering, stabilizing smaller grains and preserving accessible
surface areas across multiple length scales and (ii) the dynamic
role of CMK-3 in facilitating faster reorientations of hydrogen-
containing anions, thereby lowering activation barriers and
promoting more efficient diffusion and reaction pathways. The
experimental evidence demonstrates that even with relatively
small amounts of CMK-3 incorporation, the composite exhibits
hierarchical organization, enhanced surface roughness, and
dynamic flexibility that collectively increase the probability of
overcoming local kinetic barriers and forming hydrogenated or
dehydrogenated products more efficiently. Importantly, CMK-3
strongly influences kinetics but it does not alter the funda-
mental reaction pathways or final dehydrogenation products,
thus preserving the intrinsic reversibility of the 6:9:2-RHC
system.

Overall, this work shows that the synergistic interplay
between nanoscale structural stabilization and enhanced local
molecular dynamics provides the mechanistic basis for the
superior hydrogen storage performance of CMK-3 modified 6 :
9:2-RHC composites. This comprehensive, multi-technique
approach highlights how careful assessment of structure-
property relationships, enabled by advanced characterization
methods, can reveal the fundamental reasons behind improved
material functionality in hydrogen storage systems.
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