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ABSTRACT: Improving  the  dehydrogenation  behavior  of
aluminum  hydride  (AlH3)  by  introducing  additives  provides  a
promising  avenue  in  portable  hydrogen  source  applications.
However,  the  challenge  remains  in  the  development  of  highly
active  additives  that  facilitate  hydrogen  storage  in  composites
while maintaining high capacity with a relatively small amount of
additive.  This  work  presents  the  successful  synthesis  of  TiN
nanoparticles  by  nitriding  reaction  using  TiO2  as  the  precursor.
The  onset  dehydrogenation  temperature  of  AlH3  could  be
remarkably reduced to 52.9 °C on account of the catalytic effect
of  TiN  nanoparticles.  Furthermore,  the  composite  exhibits  a
close  approximation  to  the  realistic  capacity  of  pure  aluminum
hydride,  with  a  maximum  capacity  of  9.9  wt.%.  The  notable
decrease  in  the  apparent  dehydrogenation  activation  energy  of
AlH3 from 130.86 to 86.69 kJ·mol−1 after the incorporation of TiN
substantiates the pivotal role of multivalent titanium and nitrogen.
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1    Introduction
With  the  deepening  of  research  and  development  in  low-cost
transition  metal  catalysts  and  high-performance  proton  exchange
membranes,  hydrogen  fuel  cells  have  shown  great  potential  for
application,  especially  in  terms  of  environmental  friendliness  that
lithium-ion batteries cannot match. From the perspective of battery
systems, efficient hydrogen supply is the key to ensuring the energy
density  of  hydrogen  fuel  cells  [1, 2].  Owing  to  the  low
dehydrogenation  pressure,  high  product  purity,  and  satisfactory
safety, light metal hydrides have always been regarded as ideal solid
hydrogen storage materials with considerable application prospects
[3−7].  Aluminum  hydride  (AlH3)  plays  an  increasingly  important

role  in  lightweight  mobile  applications  due  to  its  ultra-high
hydrogen storage capacity (10.1 wt.%, 148 kg·m−3 H2) and relatively
low dehydrogenation temperature (140 °C) among numerous light
metal  hydrides  [8−11].  The  present  focus  is  on  the  practical
application  of  aluminum  hydride  in  the  fuel  cell-based  hydrogen
economy.  Further  improvement  in  its  dehydrogenation
temperature  and  kinetics  is  the  following  key  step  [12, 13].
Fortunately,  it  has  been  gradually  discovered  that  developing
efficient  catalysts  is  of  great  significance  in  order  to  achieve
kinetic/thermodynamic  optimization  in  the  field  of  catalytic
dehydrogenation  of  light  metal  hydrides  through  continuous
exploration  [14−20].  Li  et  al.  reported  that  under  the  catalysis  of
Ti2C  MXene,  the  onset  hydrogen  release  temperature  of
magnesium hydride  decreased  by  37  °C [21].  He  et  al.  designed  a
TiB2 catalyzed  aluminum  hydride  composite  system,  which  could
provide a capacity of 5.3 wt.% at 80 °C [22]. Our group constructed
a AlH3/MXene-supported PrF3 nanosheets heterojunction, and the
onset  dehydrogenation  temperature  was  dramatically  decreased  to
70.2 °C [23].

It  can be concluded from the reported literatures that titanium-
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based  materials  exhibit  excellent  modification  effects  on  the
dehydrogenation  of  aluminum  hydride  [24, 25].  Nevertheless,  the
cumbersome  catalyst  synthesis  process  and  the  scarcity  of  raw
materials  continue  to  impede  the  advancement  of  solid  hydrogen
storage. Furthermore, it should be noted that the capacity reduction
caused by the large additive mass ratio and the uncontrollable ball
milling process (B. M.) cannot be overlooked. The aforementioned
issues  serve  to  undermine  the  distinctive  attributes  of  aluminum
hydride,  thus limiting its  scope for application [26].  Consequently,
the  development  of  an  easily  prepared  and  hyperactive  titanium-
based  catalyst,  in  conjunction  with  the  design  of  a  composite
requiring  minimal  additive  addition  and  ball  milling  time,
represents a significant step towards the full potential of aluminum
hydride [27, 28].

Herein,  TiN  nanoparticles  synthesized  by  the  high-temperature
nitriding method were employed as efficient catalysts for promoting
the  dehydrogenation behavior  of  aluminum hydride.  The catalytic
activity  of  the  nanoparticles  is  found  to  be  satisfactory  even  at  a
trace  amount  of  1  wt.%.  On  that  account,  the  composite
demonstrates  an  excellent  low-temperature  dehydrogenation
performance,  exhibiting  a  capacity  comparable  to  that  of  pure
aluminum hydride.  Concurrently,  high  catalytic  activity  allows  for
the  hydrogen  release  to  be  completed  within  a  relatively  short
period of time, effectively mitigating the uncontrollable capacity loss
caused  by  the  ball  milling  process.  The  combination  of  these  two
key factors provides the designed composite with a notable capacity
advantage  over  previously  published  research  in  the  field  of
aluminum hydride  [29−32].  The  results  of  the  fitting  indicate  that
the addition of additives can significantly reduce the energy barrier
of  dehydrogenation  reaction.  Moreover,  a  proposed  catalytic
mechanism based on density  functional  theory (DFT) calculations
suggests  alternative  avenues  for  the  design  of  nitrogen-containing
catalysts with advantageous properties. 

2    Experimental
 

2.1    Materials and equipment
All the chemical reagents and gas were commercially available and
all  the  equipment  undergone  standard  value  correction.  Anatase
phase  TiO2 nanoparticles  were  produced  by  Rhawn  Chemical
Regent  Co.,  Ltd.  (Shanghai,  China).  The  ammonia  argon  mixture
was  purchased  from  Dalian  Special  Gas  Co.,  Ltd.  (Dalian,  China)
and the  volume ratio  of  argon to  ammonia  was  95:5.  The  α-AlH3
powder  was  produced  by  Henan  Nayu  New  Material  Co.,  Ltd.
(Henan,  China).  GSL-1500X  vacuum  tube  furnace  was  purchased
from  Hefei  Kejing  Materials  Technology  Co.,  Ltd.  (Hefei,  China).
QM-QX04  planetary  ball  mill  and  supporting  stainless  steel  ball
milling  tank  and  ball  milling  beads  were  purchased  from  Nanda
Instruments Co., Ltd. (Nanjing, China). 

2.2    Synthesis
 

2.2.1    Synthesis of TiN nanoparticles

The TiO2 precursor (0.12 g) was evenly laid in a porcelain crucible
and placed in a vacuum tube furnace. The argon ammonia mixture
was then injected into the vacuum tube furnace for 30 min at room
temperature.  Subsequently,  once  the  atmosphere  within  the
vacuum  tube  furnace  was  stabilized,  the  temperature  should  be
slowly  raised  to  900  °C  (2  °C·min−1 to  700  °C,  then  1  °C·min−1 to

900 °C) and maintained for 1 h. Upon reaching room temperature
naturally, black TiN nanoparticles could be collected and reserved. 

2.2.2    Synthesis of AlH3-TiN composites

The purchased α-AlH3 powder was mixed with TiN nanoparticles
in varying proportions (1 wt.%, 3 wt.%, and 5 wt.%), resulting in a
total mass of 0.6 g. Thereafter, the powder mixture was placed in a
stainless  steel  ball  milling  tank  and  milled  at  a  ball-to-powder  of
50 with a milling speed of 350 rpm for 60 min, which was named as
TiN-0.01,  TiN-0.03,  and  TiN-0.05,  respectively.  To  prevent
contamination  from  oxygen  and  moisture,  the  sample
configuration,  transfer,  ball  milling,  and  collection  processes
mentioned above were all carried out in an argon atmosphere. 

2.3    Characterization
To  analyze  phase  composition,  X-ray  diffraction  (XRD)  patterns
were  carried  out  through  Bruker  D8  Advance  X  diffractometer
using Cu Kα radiation at a voltage of 40 kV and a current of 40 mA
with  a  scan  speed  at  3.5  °·min−1.  Scanning  electron  microscopy
(SEM,  Hitachi  S-4800  SEM  analyzer)  and  transmission  electron
microscopy  (TEM,  FEI  Tecnai  G2  F20)  were  employed  to  further
characterize  the  morphology  and  microstructure  of  the  sample.
Nitrogen  isothermal  adsorption  curves  were  measured  by
Quantachrome  AutoSorb-1  type  physicochemical  adsorption
instrument.  The  element  valence  was  explored  by  X-ray
photoelectron  spectroscopy  (XPS,  ESCALABM  KII  spectrometer)
using Al Kα radiation with a wavelength of 8.53 Å as X-ray source.
The  dehydrogenation  property  and  kinetics  of  different  samples
were tested using a Sievert style type instrument designed by Grinm
Group  Co.,  Ltd.  and  differential  scanning  calorimeter  (DSC,
METTLER TOLEDO DSC3) with a nitrogen flow at 60 mL·min−1.
The  heating  rate  and  cutoff  temperature  of  the  temperature
controlled  dehydrogenation  (TPD)  curves  were  2  °C·min−1 and
250 °C, respectively. The heating rate from room temperature to the
target temperature of thermostatic dehydrogenation was 4 °C·min−1. 

2.4    Calculation details
We calculated the electronic structures based on the DFT using the
Vienna ab initio simulation  package  (VASP).  The  behavior  of  the
core and electrons was described by the projector augmented wave
(PAW)  model  with  the  Perdew–Burke–Ernzerhof  (PBE)
functional.  The  cutoff  energy  for  the  plane  wave  expansion  of  the
electron  wave  function  is  set  to  450  eV.  The  force  and  energy
convergence  criteria  were  set  to  0.02  eV·Å−1 and  10−5 eV,
respectively.  Monkhorst–Pack k-points  for  all  the  calculations  was
applied of 3 × 3 × 1. 

3    Results and discussion
 

3.1    Composition and morphology
The  synthesis  process  and  simplified  structure  diagram  of
nanoparticles  are  illustrated  in Fig.  1(a).  Combined  with  the  XRD
patterns,  as  shown  in Fig.  1(b) and  Fig.  S1  in  the  Electronic
Supplementary Material (ESM), it is known to all that the nitriding
reaction  first  occurs  on  the  surface  of  the  precursor  particles,
generating  titanium  nitride  crystals  (JCPDS  No.  38-1420).  As  the
reaction proceeded,  the outer layer of  TiO2 was almost completely
converted into TiN crystals, preventing further nitriding of the core
TiO2.  Thus,  the  core  of  precursor  anatase  TiO2 (JCPDS  No.  21-
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1272,  XRD  pattern  is  shown  in  Fig.  S1  in  the  ESM)  underwent  a
transformation to a more stable rutile phase (JCPDS No. 21-1276)
at  elevated  temperature.  Therefore,  characteristic  peaks  of  TiN,
anatase TiO2, and rutile TiO2 can be simultaneously observed in the
XRD  pattern  (Fig.  1(b)).  Meanwhile,  the  XPS  survey  spectrum
(Fig.  1(c))  demonstrates  the  presence  of  Ti,  N,  and  O  in  the
prepared  TiN  nanoparticles.  Sharp  peaks  at  binding  energy  of
455.3/461.5,  456.6/463.3,  and  458.2/464.3  eV  can  be  deconvoluted
into 2p1/2–2p3/2 spin-orbit doublets of Ti2+, Ti3+, and Ti4+, respectively
(Fig.  1(d))  [33].  Prior  to  the  nitriding  reaction,  the  majority  of  Ti
existed in the form of Ti4+,  which indicated that several Ti4+ species
were reduced to lower valence during the nitriding process due to
the  reducibility  of  ammonia  and  hydrogen  produced  by  partial
decomposition  of  ammonia.  These  results  were  consistent  with
those  of  similar  synthesis  methods  previously  reported [34].  From
the element distribution mapping, as shown in Fig. 1(e), nitrogen is
distributed evenly in the TiN nanoparticles, in accordance with the
distribution  of  titanium  element.  Compared  with  the  precursor,

there  was  no  discernible  change  in  the  crystal  morphology  or
particle  size  before  and  after  the  nitriding  reaction (Fig.  S2  in  the
ESM).  In  addition,  the  exposed  crystal  planes  with  a  clear  lattice
fringe  of  0.245  nm  were  indexed  into  (111)  plane  of  TiN
nanoparticles, as can be seen from TEM and high-resolution TEM
(HRTEM) images in Fig. 1(f) and Fig. S3 in the ESM. Furthermore,
the  characteristic  diffraction  rings  of  TiN  crystal  can  also  be
observed in the selected area electron diffraction results (Fig. 1(g)).
The  aforementioned  findings  validated  that  titanium  nitride
nanoparticles  were  successfully  synthesized  via  the  ammonia
nitriding reaction. It is also worth mentioning that the reason why
the  prepared  nanoparticles  are  referred  to  as  TiN  particles  in  the
article is that their main component in the catalytic reaction is the
TiN  component  on  the  surface.  The  actual  structure  of  the
nanoparticles is shown in Fig. 1(a).

In order to investigate the modification effect of synthesized TiN
nanoparticles, we prepared aluminum hydride composite materials
by ball milling and designated them as TiN-0.01, TiN-0.03, and TiN-

 

Figure 1    (a) Schematic diagram, (b) XRD pattern, (c) survey spectrum, (d) Ti 2p XPS spectrum, (e) elemental mappings, (f) TEM and HRTEM images, and (g) selected
area electron diffraction results of synthesized TiN nanoparticles.
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0.05  according  to  the  additive  content.  Based  on  SEM  image  in
Fig.  2(a),  a  significantly  reduced  particle  size  can  be  observed  in
composites  after  ball  milling  in  comparison  to  the  as-received  α-
AlH3.  Meanwhile,  the  reduction in  average  particle  diameter  from
200  to  0.34  μm  in  TiN-0.05  contributed  to  the  increased  catalytic
active sites, which facilitated the hydrogen transfer and desorption.
It should be pointed out that the amount of additives added had no
significant  effect  on particle  size,  as  evidenced by  the  approximate
distribution  curves  of  other  samples (Fig.  S4  in  the  ESM).  The
elemental  mapping  results  of  TiN-0.05  in Fig.  2(b) manifest  the
uniform distribution of α-AlH3 and TiN nanoparticles. It is evident
from Fig. 2(c) that except for high-intensity characteristic peaks of α-
AlH3 (JCPDS No. 23-0761), the faintish diffraction peaks appearing
at  36.7°,  42.6°,  and  77.9°  correspond  to  the  crystal  plane  of  TiN
(111), (200), and (222), respectively. This indicated that during the
ball milling process, neither the additive nor the aluminum hydride
substrate underwent phase transition, simultaneously exhibiting the
successfully  mingle  of  α-AlH3 and  TiN  particles.  The  nitrogen
adsorption/desorption isotherms of TiN-0.05 at 77 K, as shown in
Fig.  2(d),  illuminate  that  composite  exhibited  a  larger  specific
surface  area  of  21.04  m2·g−1 and  wider  average  pore  diameter  of
3.10  nm,  as  compared  to  the  as-received  α-AlH3 particles
(3.80 m2·g−1, Fig. S6 in the ESM). The increased specific surface area
also  benefited  from  the  reduced  particle  size,  which  was  brought
about by ball milling. 

3.2    Dehydrogenation performance
To  evaluate  the  dehydrogenation  performance  of  composite,
temperature-programmed  hydrogen  desorption  (TPD)  was
employed to further analyze the dehydrogenation temperature and
capacity  (Fig.  3(a))  and  the  data  of  ball-milled  and  as-received  α-
AlH3 were  also  listed  for  comparison.  The  corresponding
differential  curves  of  TPD  curves  in Fig.  3(b) reveal  the  peak
dehydrogenation  temperature  of  different  composites  to  a  certain
extent. The maximum capacity amount was presented in ascending
order as follows: TiN-0.05, TiN-0.03, TiN-0.01, ball-milled α-AlH3,
and as-received α-AlH3 sample, with values of 9.46 wt.%, 9.70 wt.%,
9.89 wt.%, 10.01 wt.%, and 10.07 wt.%, respectively. On the basis of
dehydrogenation  capacity  of  the  as-received  α-AlH3 sample,  a
calculation was performed to determine the theoretical capacity and
capacity  retentions,  which  could  be  utilized  to  assess  the  capacity
loss caused by the ball milling process. From the capacity retention
results, it was evident that an increase in additive content may also
lead  to  a  gradual  increase  in  the  capacity  loss  during  ball  milling.
Nevertheless,  the  overall  retention  rate  exceeded  98%  for  all
composites. On the contrary, as the addition amount increased, the
onset dehydrogenation temperature continuously decreased, which
was  more  conducive  to  the  continuous  supply  of  hydrogen to  the
composite  at  lower  temperatures.  The  onset  dehydrogenation
temperatures  of  samples  TiN-0.01,  TiN-0.03,  and  TiN-0.05  were
found to be 56.8, 54.5, and 52.9 °C, representing a reduction in the

 

Figure 2    (a)  SEM  image  and  particle  size  distribution  curve,  (b)  elements  mapping  images  of  TiN-0.05,  (c)  XRD  patterns  of  different  samples,  and  (d)  nitrogen
adsorption/desorption curves and pore size distribution of TiN-0.05.
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ratio by 59.4%, 61.1%, and 62.2%, compared with the as-received α-
AlH3 sampler.  However,  the  decrease  in  temperature  was  not  as
pronounced  as  that  in  capacity  and  raised  confusion  about  the
overall  effectiveness  of  the  approach. Figure  3(c) and Table  1
summarize the TPD data.  Furthermore, in order to investigate the
dehydrogenation  behavior  of  composite  at  low  temperatures,  a
series  of  composites  were  subjected  to  thermostatic  dehydration
under  100,  80,  and  60  °C  (Figs.  3(d)−3(f)).  Obviously,  when  the
temperature  was  above  80  °C,  the  hydrogen  desorption  kinetic  of
TiN-0.01  composite  was  optimal,  capable  of  releasing  6.41  wt.%,
7.46  wt.%,  and  8.02  wt.%  hydrogen  within  the  first  30,  60,  and
120 min at 100 °C. Moreover, the hydrogen release for 2 h reached
81%  of  the  total  capacity.  Under  the  same  circumstances,  ball-
milled  α-AlH3 was  observed  merely  release  0.25  wt.%,  0.87  wt.%,
and  3.12  wt.%  hydrogen,  while  the  as-received  α-AlH3 exhibited
negligible  hydrogen  desorption. Figure  3(g) and  Table  S1  in  the
ESM  illustrate  the  histogram  of  dehydrogenation  amount  versus
time  under  100  °C.  The  incorporation  of  TiN  additives  effectively
improved the dehydrogenation kinetics of aluminum hydrides, and
was  significantly  more  efficient  than  the  approach  of  achieving

nano-materialization  solely  through  ball  milling.  Furthermore,
when  the  temperature  dropped  to  80  °C,  the  effective
dehydrogenation  amount  of  TiN-0.01  could  still  reach  up  to
6.66 wt.% within 2  h,  whereas  the ball-milled α-AlH3 was  severely
limited to 0.83 wt.% (Fig. 3(e) and Table S2 in the ESM). However,
when  the  temperature  further  was  further  reduced  to  60  °C,
aluminum  hydride  without  TiN  addition  no  longer  underwent  a
dehydrogenation  reaction,  and  TiN-0.05  instead  provided  the
maximum dehydrogenation amount  of  1.14  wt.% within 2  h.  The
capacity  of  TiN-0.01  composite  within  2  h  was  only  0.74  wt.%
(Fig. 3(f) and Table S3 in the ESM), which was likely due to the fact
that  at  relatively  low  temperature,  only  the  fully  weakened  Al–H
bond  could  be  broken.  Besides,  the  proportion  of  fully  weakened
Al–H bonds increased in direct correlation with the concentration
of additives when the content fell below a specified threshold level.
This phenomenon was consistent with the test results of numerous
reported  works  currently  available. Figure  3(h) shows  the
thermostatic  dehydrogenation  curves  of  sample  TiN-0.01  under
different  temperature. Figure  3(i) depicts  the  trend  of
dehydrogenation capacity in 2 h as a function of temperature for a
series  of  composites.  Contrary  to  ball-milled  α-AlH3,  composites
containing  TiN  additives  exhibited  much  smaller  attenuation
amplitudes from 100 to 80 °C in terms of dehydrogenation kinetics
and  available  capacity  compared  to  those  from  80  to  60  °C.  This
implied  that  the  capacity  and  kinetics  of  the  composite  could  be
fully guaranted within the operational temperature range of the fuel
cell (80 °C), which represented an extremely beneficial property for
the development of hydrogen storage tank-fuel cell  hybrid devices.
As  shown  in  Table  S4  in  the  ESM,  the  improvement  of
dehydrogenation  kinetics  of  additives  in  this  work  is
progressiveness compared with other work in this field.

 

Figure 3    (a)  TPD  curves,  (b)  differential  curves  of  TPD  curves,  (c)  capacity  and  onset  dehydrogenation  temperature,  ((d)–(f))  100,  80,  and  60  °C  thermostatic
dehydrogenation  curves,  (g)  hydrogen  released  capacity  under  100  °C  of  all  samples,  (h)  thermostatic  dehydrogenation  curves  of  sample  TiN-0.01  under  different
temperature, and (i) the relationship between hydrogen released capacity and dehydrogenation temperature.
 

Table 1    Summary of TPD results

Sample Onset dehydrogenation
temperature (°C)

Capacity
(wt.%)

Theoretical
capacity (wt.%)

Retention
(%)

TiN-0.01 56.8 9.89 9.97 99.2
TiN-0.03 54.5 9.70 9.77 99.3
TiN-0.05 52.9 9.46 9.57 98.8
B. M. α-

AlH3
90.1 10.01 10.07 99.4

α-AlH3 140.0 10.07 — —
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Figure  4(a) and  Fig.  S7  in  the  ESM  show  the  DSC  curves  of
different  composites,  where  the  sharp  endothermic  peak
corresponded  to  the  process  of  thermal  decomposition  of
aluminum  hydride  to  generate  metallic  aluminum  and  H2.  It  was
obvious  that  compared  to  the  as-received  aluminum  hydride,  the
peak  temperature  of  the  endothermic  peak  was  lower  in  the
presence  of  TiN  additive  under  the  same  heating  rate.  This  result
was  consistent  with  the  TPD  curves  and  differential  curves,  once
again  confirming  that  the  addition  of  TiN  nanoparticles  could
effectively  reduce  the  dehydrogenation  temperature  of  aluminum
hydride.  Meanwhile,  the  apparent  activation  energy  (Ea)  of
dehydrogenation reaction was calculated by the Kissinger equation
based on the DSC test results

ln
β
T2

p

= − Ea

RTp

+ ln
AR
Ea

(1)

where β, Tp, Ea, A, and R indicate the heating rate, the temperature
at the peak reaction rate, the apparent activation energy, a constant
factor,  and  gas  constant,  respectively.  The  apparent  activation
energy of TiN-0.05 was the smallest (86.69 kJ·mol−1), with a decrease
of  33.8%  and  23.8%  compared  to  the  as-received  α-AlH3
(130.86  kJ·mol−1)  and  ball-milled  α-AlH3 (113.74  kJ·mol−1),
respectively  (Figs.  4(b) and 4(c)).  The  reduction  in  apparent
activation  energy  resulting  from  the  addition  of  additives  was  the
fundamental  factor  responsible  for  the  enhancement  of  low-
temperature  dehydrogenation  kinetics.  Furthermore,  in  order  to
investigate the mechanism of TiN nanoparticles optimization effect
in  dehydrogenation  process,  XPS  was  employed  to  figure  out  the
chemical  state  differences  before  and  after  dehydrogenation.
Figures  4(d)−4(f) show the Ti  2p,  N 1s,  and Al  2p XPS spectra  in
TiN-0.05 composite. As illustrated in Fig. 4(d), the peaks at binding
energy  of  454.0/460.2  eV  can  be  ascribed  to  2p1/2–2p3/2 spin-orbit
doublets of Ti0, which cannot be observed before dehydrogenation.
And  the  ratio  of  Ti0,  Ti2+,  Ti3+,  and  Ti4+ has  undergone  a  notable
transformation from 0:1.13:1.2:1 to 1.7:1.3:1:1,  suggesting a decline
in  Ti3+and  Ti4+ and  an  increase  in  Ti0 and  Ti2+.  This  phenomenon
could be explained by the oxidized Ti  atoms on the surface of  the
additive, which were reduced by the negatively charged H ions. The
electron  withdrawing  properties  of  Ti  atoms  exhibited  during

electron transfer facilitated the removal of H− [35]. In the meantime,
the  ratio  of  nitrogen  in  TiN  to  that  in  TiOxNy has  changed  from
0.87  to  1.09  (Fig.  4(e)).  This  may  be  attributed  to  the  fact  that
nitrogen  acted  as  a  bridge,  participating  in  the  electron  transfer
between the  inner  layer  and surface  layer  Ti  atoms,  which  further
increased the amount of Ti atoms with catalytic activity [36]. These
results indicated that TiN nanoparticles were of great significance in
improving  the  dehydrogenation  behavior  of  aluminum  hydride.
Besides,  as  shown  in Fig.  4(f),  aluminum  after  dehydrogenation
mainly  exists  in  the  metallic  state  with  minor  oxidation  state
resulting  from  partial  oxidation  during  the  testing  process.  This
proved a lack of chemical reaction between aluminum hydride and
TiN nanoparticles in the dehydrogenation reaction. 

3.3    Mechanism exploration
To elucidate the catalytic mechanism of TiN nanoparticles, further
exploration  was  conducted  based  on  DFT  to  simulate  the  charge
density and changes in Al–H bonds. Based on the analyses of XRD
and TEM results,  we chose  the  (111)  plane of  TiN as  the  targeted
location  for  the  adsorption  of  α-AlH3 molecules  (Fig.  5(a)).  The
bond lengths of  Al–H1,  Al–H2,  and Al–H3 in aluminum hydride
molecules  adsorbed  on  the  surface  of  additives  were  1.593,  2.192,
and 2.255 Å, which gave an average growth of 0.421 Å compared to
that  of  α-AlH3 molecules  (1.592  Å). Figure  5(b) shows  the  charge
density  difference  of  the  AlH3-TiN  model.  Obviously,  there  was  a
significant electron enrichment between Al–H2 and Al–H3, which
signified that  the  negatively  charged hydrogen exhibited enhanced
reducibility.  Consequently,  the  strength  of  Al–H  bonds  was
weakened  to  some  extent.  The  partial  density  of  states  (PDOS,
Fig.  5(c))  also  corroborates  this  result,  demonstrating  weakened
bonding strengths of s(H) and s(Al) at the Fermi level.

Based  on  the  above  test  results  and  analysis,  we  proposed  a
possible catalytic mechanism. The role of  metal  active sites mainly
consists  of  two parts.  One  is  to  provide  adsorption  active  sites  for
aluminum  hydride  analysis.  Because  based  on  the  energy
simulation  of  the  theoretical  calculation  modeling  process,  we
found  that  aluminum  hydride  molecules  tend  to  adsorb  more  on
the  surface  of  Ti  atoms.  The  second  is  that  Ti,  as  a  hydrogen
absorbing  element,  has  affinity  for  active  hydrogen  and  can

 

Figure 4    (a) DSC curves of TiN-0.01 and as-received α-AlH3 of different heat rates, (b) the Kissinger’s plot, and (c) the activation energy of dehydrogenation reaction of
all the samples. (d) Ti 2p, (e) N 1s, and (f) Al 2p XPS spectra of TiN-0.05 before and after dehydrogenation.
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promote  hydrogen  transport  and  desorption.  When  the
transmission  of  hydrogen  accelerates,  the  limitations  on  metal
nucleation  are  weakened,  and  active  metal  nuclei  are  more  easily
formed,  which  can  effectively  improve  the  efficiency  of  its  self-
catalytic reaction and thus enhance its kinetics. On the other hand,
the main function of nitrogen is to weaken the hydrogen aluminum
bond.  Due to the electron withdrawing property of  nitrogen itself,
the  interaction  between  negatively  charged  hydrogen  in  adsorbed
aluminum  hydride  molecules  causes  the  electron  pairs  to  shift
towards  hydrogen,  weakening  the  Al–H  bond  and  reducing  the
energy  required  for  bond  breaking.  This  phenomenon  is  often
mentioned in existing research on metal hydrides. In addition, non-
metallic  elements  also  play  a  bridging  role  in  electron  transfer,
which is very common in many chemical reactions.

In  summary,  the  synergistic  effect  between  metals  and  non-
metals  significantly  optimizes  the  dissociation,  diffusion,  binding,
and desorption processes  of  active  hydrogen,  thereby enabling  the
dehydrogenation  reaction  to  exhibit  more  excellent  kinetics.  This
synergy  ensured  that  the  additive  could  also  achieve  satisfactory
modification effect even at low dosage. 

4    Conclusion
In  summary,  the  synthesis  of  TiN-AlH3 composite  through  ball
milling  resulted  in  the  change  in  the  bonding  state  of  H  and  Al,
which  in  turn  caused  a  decrease  in  the  initial  hydrogen  release
temperature of the composite to 52.9 °C. Due to the extremely low
dosage  of  additives  allowed  the  composite  to  reach  a  maximum
capacity  of  9.89  wt.%.  At  the  same  time,  the  dehydrogenation
reaction  kinetics  in  the  low-temperature  region  have  also  been
significantly improved. TiN-0.01 could release 8.02 wt.% hydrogen
within  2  h  at  100  °C  and  TiN-0.05  can  release  over  1  wt.%
hydrogen within 2 h at 60 °C. The apparent activation energy of the
dehydrogenation  reaction  of  the  composite  sample  was  only
86.69 kJ·mol−1, representing a 33.8% reduction compared to the as-
received  α-AlH3.  The  synergistic  effect  between  Ti  and  N  during
electron transfer was considered the main source of catalytic activity
based on density functional theory. 

Electronic  Supplementary  Material: Supplementary  material
(XRD  pattern  of  TiO2 precursor;  SEM  images  of  TiO2 and  TiN
nanoparticles;  HRTEM images  of  TiN nanoparticles;  SEM images
and particle size distribution curve of TiN-0.01 and TiN-0.03; SEM
images  of  as-received  α-AlH3;  nitrogen  adsorption/desorption
curves  and  pore  size  distribution  of  as-received  α-AlH3;  summary
table  of  the  relationship  between  constant  temperature
dehydrogenation  amount  and  time  under  100,  80,  and  60  °C  of
different  samples;  and  DSC  curves  of  ball-milled  AlH3,  TiN-0.03,

and  TiN-0.05  under  different  heat  rates)  is  available  in  the  online
version  of  this  article  at https://doi.org/10.26599/NR.2025.
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