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Abstract 

A designed Mg88.7 Ni6.3 Y5 hydrogen storage alloy containing 14H type LPSO (long-period stacking ordered) and ternary eutectic structure 
was prepared by regulating the alloy composition and casting. The hydrogen storage performance of the alloy was improved by adding nano- 
flower-like TiO2 @C catalyst. The decomposition of the LPSO structure during hydrogenation led to the formation of plenty of nanocrystals 
which provided abundant interphase boundaries and activation sites. The nanoscale TiO2 @C catalyst was uniformly dispersed on the surface 
of alloy particles, and the "hydrogen overflow’’ effect of TiO2 @C accelerated the dissociation and diffusion of hydrogen on the surface of 
the alloy particles. As a result, the in-situ endogenous nanocrystals of the LPSO structure decomposition and the externally added flower-like 
TiO2 @C catalyst uniformly dispersed on the surface of the nanoparticles played a synergistic catalytic role in improving the hydrogen storage 
performance of the Mg-based alloy. With the addition of the TiO2 @C catalyst, the beginning hydrogen desorption temperature was reduced 
to 200 °C. Furthermore, the saturated hydrogen absorption capacity of the sample was 5.32 wt.%, and it reached 4.25 wt.% H2 in 1 min at 
200 °C and 30 bar. 
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

The massive consumption of fossil fuels has led to global
arming caused by carbon emissions. It is increasingly im-
ortant to find economical and reliable clean energy to replace
ossil fuels in daily life and industrial production. Hydrogen
as been considered as a secondary energy source with great
otential for its high energy density, environmental friend-
iness and renewability [1 , 2] . Hydrogen storage and trans-
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ortation are the keys to the development of the hydrogen
conomy [3 , 4] . Magnesium (Mg) has been widely considered
s an ideal large-scale hydrogen storage medium for its high
ydrogen storage capacity, low price, and good reversibility.
owever, the quite slow kinetics and high temperature needed

or pure Mg for this function restrict its application in hy-
rogen storage [5 , 6] . Alloying [7–9] , nanocrystallization and
dding catalysts [10–12] are the primary means to improve
he hydrogen storage capacity of Mg-based hydrogen storage

aterials. However, these methods are often accompanied by
he introduction of other elements, which leads to a decrease
n the hydrogen storage capacity of magnesium-based hydro-
en storage materials. As such, how to balance between ki-
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2023.04.002&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2023.04.002
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:songwenjie@sust.edu.cn
mailto:yuxuebin@fudan.edu.cn
https://doi.org/10.1016/j.jma.2023.04.002
http://creativecommons.org/licenses/by-nc-nd/4.0/


768 W. Song, W. Ma, S. He et al. / Journal of Magnesium and Alloys 12 (2024) 767–778 

n  

a
 

t  

l  

a  

p  

d  

[  

i  

a  

g  

p  

t  

e  

p  

t  

d  

p
p  

t  

h
 

s  

a  

s  

c  

o  

l  

a  

a  

p  

S  

s  

t  

a  

Z  

t  

m  

c  

f  

o  

t
c  

t  

e  

t  

s  

t  

t  

s
 

w  

s  

t  

p  

f  

i  

i  

k  

i  

T  

o  

a

2

2

 

l  

t  

c
(  

t  

p  

o  

s  

b  

t  

a  

p  

m  

r  

s  

i  

C  

w  

t  

t  

a

2

 

d  

(
f  

a  

t  

T  

i  

T  

p  

Q  

t  

T  

a  

p  

t  

b  

p  

t  

t  
etics and storage capacity has pose a key challenge in this
rea. 

Alloying is an important strategy to concomitantly improve
he hydrogen absorption and desorption kinetics, and to tai-
or the thermodynamics of Mg. Mg-based hydrogen storage
lloys, especially the Mg-Ni-RE system, have greatly im-
roved their hydrogen absorption and desorption properties
ue to the addition of transition metal elements (such as Ni)
13–16] . Zhang et al. [17] studied the effect of RE alloy-
ng on the hydrogen storage properties and reaction mech-
nisms of the Mg90 Ce5 Sm5 ternary alloy. The alloy shows
ood isothermal hydrogen absorption kinetics because of the
rofuse high-angle boundaries between the LPSO phase and
he matrix, and the short hydrogen diffusion paths and the low
nergy barrier inside the LPSO structure. Pan et al. [18] pre-
ared Mg-Ni-Y alloys and obtained 14H type LPSO phase in
he ternary eutectic region. The LPSO phase is activated and
ecomposed into a large number of fine and uniformly dis-
ersed catalytic phases. In addition, nanoscale YH2 and YH3 

hases are formed during hydrogenation. At the same time,
he formed fine phase plays a catalytic role in promoting the
ydrogen storage performance of the alloy. 

The addition of catalyst can effectively improve the dis-
ociation rate of hydrogen molecules on the surface of met-
ls [19–22] , and the penetration of hydrogen atoms from the
urface into the metal [16 , 20 , 23] . Catalyst nanosizing can in-
rease catalytic activity, but agglomeration of nanocatalysts
n the alloy surface and detachment from the alloy can also
ead to a reduction in catalytic efficiency. To improve cat-
lytic efficiency, the dispersion, homogeneity of distribution
nd bonding of the catalyst to the substrate needs to be im-
roved as much as possible. Zhang et al. [16] prepared La-
m-Mg-Ni alloy with 5 wt.% TiO2 and La2 O3 catalysts re-
pectively. The results show that the catalysts could improve
he ball milling efficiency, activation performance, hydrogen
bsorption and desorption kinetics of the composite alloys.
hang et al. [24] observed in-situ growth of MgH2 nanopar-

icles in carbon materials by a simple chemical solid-state
ethod, in which the laminar structure consisting of inter-

onnected folds with a large specific surface area is most
avorable for maintaining the high dispersion and nano-size
f MgH2 nanoparticles, resulting in better hydrogen absorp-
ion and desorption properties. In summary, the nano-TiO2 

atalyst has good catalytic effect but is prone to agglomera-
ion. The decrease in catalytic efficiency caused by agglom-
ration can be effectively solved by homogeneously loading
he catalyst onto the C-support material. The doping of tran-
ition metal elements combined with the addition of catalyst
o modify the surface of alloy particles is expected to solve
he thermodynamic and kinetic deficiencies of hydrogen ab-
orption/desorption in Mg-based hydrogen storage materials. 

In this work, an Mg-rich alloy, Mg88.7 Ni6.3 Y5 was designed
ith high theoretical hydrogen storage capacity. The compo-

ition of the alloy was within the range for the formation of
he LPSO structure. After high energy ball milling, the alloy
articles were refined to nanoscale with a high specific sur-
ace area. The endogenous and external catalysts were both
ntroduced into the alloy via in-situ reaction and external dop-
ng with TiO2 @C catalyst to improve the thermodynamic and
inetics of hydrogen absorption and desorption by combin-
ng multiphase eutectic structure and nanoscale refinement.
his work should provide theoretical support for the research
f synergistic catalysis of in-situ endogenous and externally
dded nano-catalysts. 

. Experimental 

.1. Materials preparation 

To avoid oxidation of Mg, the Mg88.7 Ni6.3 Y5 ternary al-
oy was prepared using a resistance furnace under the pro-
ection of a covering agent. The protective covering agent
onsisted of 44% MgCl2 , 44% KCl, 7% BaCl2 and 5% CaF2 

all in wt.%). The covering agent was melted at 973 K and
hen milled to powder after solidification. The covering agent
ower was sprinkled on the raw metal blocks before melting
f the Mg88.7 Ni6.3 Y5 alloy which was covered during the sub-
equent melting process to prevent the oxidation and violent
urning of the magnesium alloy. The raw materials were mas-
er alloys of Mg-30Y (purity 99.9%), Mg-50Ni (purity 99%)
nd Y ingot (purity 98.7%). Nanoscale alloy powder was pre-
ared by high-energy ball milling in a horizontal planetary
ill at milling speed of 350 rpm for 31 h with a ball to mate-

ial ratio of 20:1 in Ar atmosphere. The TiO2 @C was synthe-
ized according to the Rev. [25] . The content of each element
n the prepared nanomaterials is Ti 10.34%, O 23.60% and
 66.06% respectively. 1.0 wt.% of TiO2 @C nanoparticles
ere added into the alloy via milling for more 15 min, and

he mass fraction of the active ingredient TiO2 was calculated
o be 0.524 wt.%. All operations were carried out in an argon
tmosphere glove box to prevent oxidation. 

.2. Analysis and characterization 

The phase composition before and after hydrogenation and
ehydrogenation was analyzed by an X-ray diffractometer
RIGAKU, smart lab 9 kW) with Cu K a radiation, with 2 θ

rom 10 ° to 80 °, scanning speed 5 °/min with an applied volt-
ge of 45 kV and current of 200 mA. The microstructure of
he as-cast alloy was observed by SEM (FEI, Verios 460).
ransmission electron microscopy (TEM) and correspond-

ng elemental analysis were performed on FEI Tescan G3.
he initial dehydrogenation temperature and thermodynamic
erformance of the samples were examined by DSC (SDT-
600). The heating rates were 5, 10, 15 and 20 K/min, and

he temperature ranged from room temperature to 500 °C.
he activation and hydrogen storage properties of the as-cast
lloys were measured by a Sievert’s apparatus (Pressure Com-
osition Temperature (PCT) Pro E&E). The samples were ac-
ivated by three cycles of hydrogen absorption and desorption
efore hydrogen storage measurement. The initial hydrogen
ressure was 30 bar and it was kept at 573 K for 10 h, and
hen dehydrogenation condition was vacuum during activa-
ion. The kinetic and thermodynamic measurements of the
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amples were performed at 200, 250, 300, 325 and 350 °C,
espectively. 

. Results and discussion 

.1. Phase composition 

Fig. 1 (a) shows the XRD results of ball-milled
g88.7 Ni6.3 Y5 and added with TiO2 @C alloys before hy-

rogenation. The main components of the ball-milled
g88.7 Ni6.3 Y5 sample were Mg and Mg15 NiY. In our prepara-

ory work, the Mg15 NiY was determined to be a 14H-type
PSO structure [13] . After adding the TiO2 @C catalyst, the
iffraction peak intensity of the Mg15 NiY and MgNi4 Y phases
ecreased significantly, and the diffraction peak intensity and
idth of the Mg phase increased. The catalyst improved the
all milling efficiency and reduced the particle size of the
lloy as a grinding aid. After adding the catalyst followed
y ball milling for 15 min, the phase composition changed.
oth samples contained Mg, Mg2 Ni and Mg15 NiY phases.
he difference was that the content of Mg15 NiY decreased
nd the content of Mg increased after adding the catalyst and
all milling for 15 min. This might be because the grind-
ng efficiency was improved with the catalyst TiO2 @C, and
ig. 1. XRD results of Mg88.7 Ni6.3 Y5 as-cast alloy and catalyzed with 
iO2 @C (a) before and (b) after hydrogenation. 
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he particle size became smaller during the fifteen-minute ball
illing. The original LPSO structure was further broken, and

s such the proportion of pure Mg particles was further in-
reased, leading to significant change in phase composition.
hu et al. [26] reported a reduction in the phase content of

he LPSO structure in XRD results after ball milling, but the
amellar structure of LPSO was still observed in bright-field
EM. The LPSO structure of this work was still present af-

er ball milling. Fig. 1 (b) shows the XRD results of hydro-
enated ball-milled Mg88.7 Ni6.3 Y5 with and without TiO2 @C
atalyst. The results showed that the samples were mainly hy-
rogenated as MgH2 , Mg2 NiH4 , YH2 and YH3 . The intensity
f MgH2 increased significantly with TiO2 @C, indicating that
he addition of the catalyst was conducive to the formation
f MgH2 and thus increased the hydrogen storage capacity of
he alloy. This was consistent with the increase in hydrogen
bsorption of the first platform in the subsequent pressure-
omposition-temperature (PCT) curve analysis. 

.2. Microstructure 

Fig. 2 shows the SEM images of Mg88.7 Ni6.3 Y5 as-
ast alloy. There were four phases with different contrast
nd morphology, including Mg15 NiY (LPSO), Mg, Mg2 Ni
nd MgNi4 Y. The phase fractions were calculated to be
vol.%) Mg (30.98%), Mg15 NiY (62.75%), Mg2 Ni (4.49%)
nd MgNi4 Y (0.2%). The Mg2 Ni + Mg + Mg15 NiY ternary eu-
ectic microstructure with alternating layers of multiphases
as observed in the as-cast alloy. The alloy Mg88.7 Ni6.3 Y5 

onsisted of a large number of dark-gray flakes Mg15 NiY
LPSO) and dark phase Mg. The composition corresponding
o the LPSO structure had a range [27] , and the designed al-
oy Mg88.7 Ni6.3 Y5 was within this range. The acicular light
ray flakes in the quadrilateral marking area were Mg2 Ni,
ith a width of about 5 μm and a length of about 60 μm.
 small number of low-contrast polygon blocks of MgNi4 Y
ere seen from the closed-up view in Fig. 2 (b). During so-

idification, the MgNi4 Y precipitated out first for its highest
elting point. In this process, the content of Ni and Y in the

esidual liquid decreased, and Mg, Mg15 NiY precipitated out.
he Mg formed an irregular lamellar structure and increased

he interface area. The Mg15 NiY formed a wide skeleton with
 width of ca. 20 μm. With further cooling, Mg, Ni and Y
n the residual liquid underwent a ternary eutectic reaction to
orm a fine needle-like microstructure with Mg, Mg2 Ni and

g15 NiY. The needle-like structure of 1 ∼3 μm wide and
0 ∼60 μm long had a large number of phase boundaries,
hich provided rich diffusion channels for hydrogen atoms

nd shortened the diffusion distance of hydrogen atoms. 
Fig. 3 shows TEM images of ball-milled Mg88.7 Ni6.3 Y5 

lloy, TiO2 @C catalyst and Mg88.7 Ni6.3 Y5 catalyzed with
iO2 @C before and after hydrogenation. Fig. 3 (a) and (b)
uggested the ball-milled Mg88.7 Ni6.3 Y5 reached nanoscale
ize before hydrogenation. The Mg&Mg2 Ni phases were con-
rmed by selected area electron diffraction (SAED) insert in
ig. 3 (b). The continuous diffraction rings also indicated the
ery fine grains of the ball-milled Mg88.7 Ni6.3 Y5 alloy. 
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Fig. 2. SEM images of the Mg88.7 Ni6.3 Y5 as-cast alloy; (a) SEM 500 X image and (b) typical local features in (a). 

Fig. 3. TEM of the ball-milled Mg88.7 Ni6.3 Y5 alloy, TiO2 @C catalyst and Mg88.7 Ni6.3 Y5 alloy with TiO2 @C catalyst. (a) and (b) bright field images 
of ball-milled Mg88.7 Ni6.3 Y5 alloy before hydrogenation; (c) microstructure and SAED of ball-milled Mg88.7 Ni6.3 Y5 after hydrogenation; (d) HRTEM of 
Mg88.7 Ni6.3 Y5 after hydrogenation; (e, f) microstructure and HRTEM of TiO2 @C catalyst; (g, h) EDS mappings of TiO2 @C catalyst; (i, j) microstructure 
and SAED of Mg88.7 Ni6.3 Y5 with TiO2 @C catalyst before hydrogenation; (k, l) microstructure of Mg88.7 Ni6.3 Y5 with TiO2 @C catalyst after hydrogenation. 
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Fig. 4. XRD results of dehydrogenated Mg88.7 Ni6.3 Y5 and TiO2 @C catalytic 
alloy. 
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Fig. 3 (c) and (d) show the bright-field TEM images, the
AED and high-resolution TEM (HRTEM) image of ball-
illed Mg88.7 Ni6.3 Y5 alloy after hydrogenation. The TEM

mages along with the SAED showed that the hydrogenated
g88.7 Ni6.3 Y5 alloy was nanocrystalline ( Fig. 3 (c)). This was

onfirmed to be the Mg2 NiH4 via HRTEM of Fig. 3 (d). The
g2 NiH4 was the saturated hydrogenation product of Mg2 Ni.

ran [28] observed the hydrogen absorption and desorption of
ulk Mg2 Ni using in-situ high-pressure TEM. A large num-
er of cracks and dislocations were found during the hydro-
en absorption and desorption processes. Repeated expansion
nd contraction of the lattice resulted in severe plastic defor-
ation, which provided a large number of high-density layer

aults. It provided a path for the diffusion of hydrogen atoms
nd reduced the nucleation barrier of Mg2 NiHx ( x = 0 ∼0.3).
he kinetics of hydrogenation was obviously improved. 

Fig. 3 (e-h) show the microstructure, HRTEM and energy
ispersion spectrometry (EDS) mapping of the TiO2 @C cat-
lyst. The TiO2 @C catalyst exhibited flower-like structure as
hown in Fig. 3 (e). The TiO2 particles were about 8 ∼10 nm.
hese TiO2 particles were homogeneously distributed on the
urface of the low dimensional nanocarbon material ( Fig. 3 (e)
nd EDS mappings in Fig. 3 (g, h)). The low-dimensional
anocarbon with a large specific surface area prevented the
gglomeration of the nano-TiO2 particles. In addition, it as-
isted the dissociation of hydrogen molecules on the surface
f the alloy [20 , 29 , 30] . 

To confirm the distribution of the TiO2 @C catalyst on the
urface of the sample, the sample doped with the flower-like
iO2 @C catalyst was also characterized by TEM. Fig. 3 (i)
nd (j) show bright field TEM images and the SAED of ball-
illed Mg88.7 Ni6.3 Y5 + TiO2 @C before hydrogenation. The

article size of Mg88.7 Ni6.3 Y5 + TiO2 @C was nanoscale be-
ore hydrogenation. The TiO2 @C catalyst was uniformly dis-
ersed on the surface of the nanoparticles after ball milling for
5 min. The catalyst acted as the activation sites for hydrogen
bsorption and desorption, providing more diffusion channels
or hydrogen atoms [31 , 32] . The addition of TiO2 @C cata-
yst refined the alloy particles by improving the milling effi-
iency as a ball milling auxiliary. It improved the hydrogen
bsorption and desorption kinetics of the sample by facilitat-
ng the rapid diffusion of hydrogen into the alloy particles. In
he SAED inset of Fig. 3 (j), the continuous diffraction rings
ere indexed to be of Mg2 Ni. Detailed analysis showed that

he ball-milled samples contained a large amount of Mg2 Ni
anocrystalline phase. 

The TEM images of the Mg88.7 Ni6.3 Y5 + TiO2 @C af-
er hydrogenation were shown in Fig. 3 (k, l). Nanometer
ydrides appeared in the hydrogenated sample. Combined
ith XRD before and after hydrogenation, the Mg2 NiHx 

 x = 0.3 ∼4), YHy ( y = 2, 3) phases were confirmed to have
ormed from Mg2 Ni and Mg15 NiY during hydrogenation. The

g15 NiY was transformed into 10 ∼30 nm MgH2 , Mg2 NiHx 

 x = 0.3 ∼4) and YHy ( y = 2, 3) during hydrogenation. The
g2 NiHx ( x = 0.3 ∼4) and YHy ( y = 2, 3) catalyzed the

ormation and decomposition of the MgH2 phase. The in-
itu formed Mg2 NiHx ( x = 0. 3 ∼4) and YHy ( y = 2, 3) in
PSO showed catalytic activity. The TiO2 @C had a hydro-
en overflow effect. First, the electronegativity of Ti is 1.54,
hich is between Mg (1.2) and H (2.1). The polyvalent Ti

ons are more easily to gain electrons than Mg2 + , and more
ikely to lose electrons than H−, which weakened the Mg-H
ond. Moreover, the nanoscale TiO2 @C had a large number
f contact sites with the alloy surface. These interfaces pro-
ided a large number of active centers for the valence state
onversion between Ti, H and Mg ions. After hydrogenat-
ng several times, the multi-valence Ti-based catalysts were
niformly distributed on the surface of the alloy [33] . The
iO2 @C accelerated the absorption and desorption process
f hydrogen. The multi-valent Ti-based catalyst acted as a
arrier to assist the electron transfer between Mg and H, im-
roving the kinetics of hydrogen absorption and desorption.
he TiO2 @C catalyst and the in-situ nano-hydrides in LPSO

mproved synergistically the hydrogen absorption and dehy-
rogenation of the alloy. 

Fig. 4 shows the XRD results of the dehydrogenated
g88.7 Ni6.3 Y5 and TiO2 @C catalyzed alloy. Compared with

he XRD results of the ball-milled Mg88.7 Ni6.3 Y5 alloy before
ydrogenation ( Fig. 1 ), the contents of Mg, Mg2 Ni and YH2 

ncreased significantly upon dehydrogenation. The phase of
g15 NiY could not be detected at all, indicating that it was

onverted to Mg, Mg2 Ni and YH2 during the hydrogenation
nd dehydrogenation processes. 

.3. Hydrogen absorption and desorption kinetics 

Fig. 5 shows the hydrogen absorption kinetics curves of
g88.7 Ni6.3 Y5 and the TiO2 @C catalyzed alloy. The LPSO

tructure of the Mg88.7 Ni6.3 Y5 alloy had a great influence on
he relationship between hydrogen absorption rate and tem-
erature. The Mg88.7 Ni6.3 Y5 could absorb about 4.4 wt.% hy-
rogen above 300 °C under 30 bar But the capacity decreased
o 4.1 wt.% at 250 °C and 3.5 wt.% at 200 °C as shown in
ig. 5 (a). The hydrogen absorption capacity of the alloy was

ncreased to 5.32 wt.% with the addition of TiO2 @C catalyst
 Fig. 5 (b)). It is worth noting that the hydrogen absorption
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Fig. 5. Hydrogen absorption kinetics curves. (a) Mg88.7 Ni6.3 Y5 ; (b) Mg88.7 Ni6.3 Y5 + TiO2 @C; (c) initial 15 min hydrogen absorption kinetics curves of 
Mg88.7 Ni6.3 Y5 ; (d) initial 15 min hydrogen absorption kinetics curves of Mg88.7 Ni6.3 Y5 + TiO2 @C. 
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ate and capacity were improved at all temperatures, espe-
ially at low temperatures after adding the TiO2 @C catalyst.
he hydrogen absorption capacity was insensitive to hydro-
enation temperature above 200 °C. The hydrogen absorption
apacity of the alloy powder could reach more than 5 wt.%
ven at 200 °C. It then transpires that the TiO2 @C-catalyzed
g88.7 Ni6.3 Y5 alloy could work at low temperatures for hy-

rogen absorption without affecting hydrogen absorption ca-
acity. 

Fig. 5 (c) and (d) show the first initial 15 min hydrogen
bsorption kinetics curves of the two samples. Both the orig-
nal Mg88.7 Ni6.3 Y5 and the TiO2 @C catalyzed alloy powders
emonstrated a fast rate and low temperature of hydrogen
bsorption in the initial 15 min. Both alloys could absorb
pproximately 85% of the corresponding saturated hydrogen
bsorption capacity in 2 min under 30 bar at 350, 325, 300,
50 and 200 °C. They exhibited faster hydrogen absorption
ates at lower temperatures for the temperatures examined.
his phenomenon was repeated in this work. It may be ex-
lained that lower temperature was beneficial to the exother-
ic reaction of hydrogenation and the increase of hydrogen

bsorption rate. With the addition of catalyst, the time to ab-
orb 4 wt.% hydrogen was shortened to 0.5 min at 200 °C but
as 1 min at 350 °C. Further analysis is needed to determine
hether this is related to the presence of the LPSO structure

n the alloy. However, the saturated hydrogen storage capac-
ty was still directly proportional to temperature and pressure.
igher temperature and pressure were beneficial to promote

he hydrogen absorption. Furthermore, the catalyst promoted
he hydrogen absorption. The saturated hydrogen absorption
apacity of the TiO2 @C catalyzed alloy powder was higher
han that of the original Mg88.7 Ni6.3 Y5 alloy. 

Fig. 6 shows the dehydrogenation kinetics curve of
g88.7 Ni6.3 Y5 and TiO2 @C catalytic alloy. Both samples

howed relatively high hydrogen desorption rates and capaci-
ies above 250 °C. The Mg88.7 Ni6.3 Y5 alloy reached hydrogen
esorption equilibrium in 30 min at all temperatures in this
ork. The dehydrogenation curves showed that the hydro-
en desorption rate and capacity of TiO2 @C catalyzed alloy
ere higher than those of the original Mg88.7 Ni6.3 Y5 alloy.
he addition of TiO2 @C catalyst rendered it easier to ap-
roach the theoretical reversible hydrogen storage capacity
nder the experimental conditions for the Mg88.7 Ni6.3 Y5 al-
oy. The hydrogenated TiO2 @C catalyzed Mg88.7 Ni6.3 Y5 al-
oy desorbed 5.3 wt.% hydrogen in 3 min at 350 °C and
.75 wt.% in 15 min at 250 °C. It was more than 1 wt.% hy-
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Fig. 6. Hydrogen desorption kinetics curves of (a) Mg88.7 Ni6.3 Y5 and (b) Mg88.7 Ni6.3 Y5 + TiO2 @C. 
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rogen desorption content of the TiO2 @C catalyzed alloy at
00 °C. The TiO2 @C catalyst significantly improved the hy-
rogen absorption and dehydrogenation capacity and kinetics
f Mg88.7 Ni6.3 Y5 alloy, especially at low temperatures. 

.4. Hydrogen absorption and desorption thermodynamics 

Fig. 7 shows the hydrogen absorption thermodynamics
urves of the Mg88.7 Ni6.3 Y5 and TiO2 @C catalyzed alloy.
he TiO2 @C catalyst increased the hydrogen absorption ther-
odynamics plateau pressure and capacity significantly at

50 °C. With the addition of TiO2 @C catalyst, the plateau
ressure increased by 2.5–3.0 bar for the first plateau and
 bar for the second plateau. The hydrogen absorption ca-
acity of the first hydrogen absorption plateau increased by
.5 wt.% after adding TiO2 @C catalyst, while the second hy-
rogen absorption plateau did not change significantly. The
rst plateau was related to the hydrogen absorption of Mg.
he hydrogen absorption capacity in the first plateau might
e explained that the Mg phase could absorb hydrogen more
ompletely in the sample after adding the catalyst. This was
onsistent with the XRD result of the appearance of MgH2 

fter adding the TiO2 @C catalyst which accelerated the dif-
usion and transfer of hydrogen atoms through the “hydrogen
verflow’’ effect, avoiding the formation of the hydrogenation
ayer that adversely affected subsequent hydrogen absorption
eactions [34] . On the other hand, the catalyst increased the
lateau pressure for hydrogen absorption. In a certain range,
he H2 pressure was positively related to the amount of hydro-
en absorbed by the sample. The high platform was mainly
elated to the Mg2 Ni/Mg2 NiH4 phases. The corresponding hy-
rogen absorption thermodynamics of the Mg2 Ni phase was
ignificantly improved in the Mg88.7 Ni6.3 Y5 and TiO2 @C cat-
lytic alloy. The corresponding hydrogen absorption thermo-
ynamics of the Mg2 Ni phase was significantly improved in
he Mg88.7 Ni6.3 Y5 and TiO2 @C catalytic alloy. The formation
nthalpy of Mg2 NiH4 was reduced to −41.13 kJ/mol in the
g88.7 Ni6.3 Y5 alloy from −64.5 kJ/mol of regular Mg2 NiH4 .
owever, the addition of TiO2 @C did not significantly im-
rove the thermodynamic properties of the material during
ydrogen absorption. 

Fig. 8 shows the hydrogen desorption thermodynamics
urves of the Mg88.7 Ni6.3 Y5 and TiO2 @C catalytic alloy.
here was an obvious hysteresis effect of the hydrogen ab-
orption and desorption thermodynamics. The platform pres-
ures of the hydrogen desorption thermodynamics capacity
ere lower than those of hydrogen absorption thermodynam-

cs curves as shown in Fig. 7 (a) and (b). The plateau pres-
ure of hydrogen desorption is 0.12 bar at 200 °C, and nei-
her could desorb hydrogen completely for the low pressure
uring the hydrogen desorption process. When the pressure
ecreased to 0.8 bar, the hydrogen desorption stopped. The
wo inclined platforms in the dehydrogenation PCT curves
llustrated that the hydrogen desorption process was the syn-
rgetic dehydrogenation of multiphases. Figs. 8 (c) and (d)
how the calculations of the Van’t Hoff equation for hydro-
en desorption before and after the addition of catalyst to the
ample. Since the MgH2 −Mg system could not release hy-
rogen at 200 °C, the low plateau curve was only taken at
our points for calculation. With the addition of TiO2 @C, the
ydrogen desorption platform pressures were increased, and
he enthalpy of hydrogen desorption of Mg was reduced by
 ∼8 kJ/mol. 

Fig. 9 (a) shows the DSC curves of the Mg88.7 Ni6.3 Y5 

ydrogenated alloy samples at different heating rates. Two
ndothermic peaks appeared in the reaction process corre-
ponding to the two platforms in the PCT curves. Combined
ith XRD analysis, the dehydrogenation phases were mainly
g2 NiH4 , MgH2 , Mg2 NiH0.3 and YH3 . In the Mg-Ni-Y sys-

em, the first heat absorption peak corresponded to the hydro-
en release phases of mainly Mg2 NiH4 and YH3 . The sec-
nd peak was from dehydrogenation of MgH2 . In this work,
he dehydrogenation starting temperature of the sample with-
ut catalyst was 460.78 K (187.63 °C) at a heating rate of
 K/min. The first endothermic peak was at 488.91 K and
he second one was 611.80 K. The first and second endother-

ic peaks were lower than those of the Mg2 NiH4 and MgH2 ,
espectively. As such, the dehydrogenation temperature was
educed by the addition of Ni and Y. 
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Fig. 7. Hydrogen absorption PCT and the Vant Hoff curves (a) Mg88.7 Ni6.3 Y5 ; (b) Mg88.7 Ni6.3 Y5 + TiO2 @C; (c) Mg88.7 Ni6.3 Y5 Vant-Hoff absorption curves; 
(d) Mg88.7 Ni6.3 Y5 + TiO2 @C Vant-Hoff absorption curves. 
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The dehydrogenation activation energies of the hydrides
ere calculated using the Kissinger equation. The Kissinger

urves for the samples before adding catalyst were shown
n Fig. 9 (b). The dehydrogenation activation energy was
41.02 kJ/mol for MgH2 and 91.47 kJ/mol for Mg2 NiH4 .
ig. 9 (c) shows the DSC curves for the samples of
g88.7 Ni6.3 Y5 with TiO2 @C at different heating rates. The

tarting endothermic temperature with catalyst was 464.9 K
191.75 °C). The temperature range is 499.87 K of the first
eak at a heating rate of 5 K/min, to 607.33 K of the sec-
nd peak. There was no significant difference compared to
he sample without the catalyst, indicating that the TiO2 @C
atalyst did not continue to lower the starting endother-
ic temperature with the temperature of the peak. But the
issinger curves in Fig. 9 (d) show that the activation energy
f dehydrogenation decreased to 85.93 kJ/mol for MgH2 and
8.32 kJ/mol for Mg2 NiH4 after the addition of the catalyst,
ndicating that the hydrogen desorption reaction was more
ikely to occur after the addition of the catalyst. 

Tables 1 and 2 show the initial and peak temperatures of
he heat absorption peaks with and without catalyst, respec-
ively. The data in the two tables showed the initial dehy-
rogenation and peak temperatures of the first peak increased
lightly after the addition of catalyst, while the initial dehy-
rogenation temperature of the second peak decreased and the
eak temperature increased slightly. Such results were repro-
uced in this work. This might be because of the introduction
f a small amount of oxide which raised the decomposition
emperature of Mg2 NiH4 , though such oxide might have a
ignificant catalytic effect on the decomposition of MgH2 .
ince MgH2 was the predominant hydride in the sample, cor-
esponding to a low plateau that accounted for 80% of the
otal hydrogen uptake, the addition of the catalyst improved
he overall thermodynamic properties of the sample. 

.5. Hydrogen absorption and desorption mechanism 

The previous examination indicated that TiO2 @C was uni-
ormly dispersed and flocculent on the surface of the alloy,
ith a large specific surface area. The hydrogen molecules
iffused on the pure Mg surface and quickly formed a dense
ydrogenation layer [35] . After full contact with the fully ac-
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Fig. 8. Hydrogen desorption PCT and Vant Hoff curves. (a) PCT curves of Mg88.7 Ni6.3 Y5 ; (b) PCT curves of Mg88.7 Ni6.3 Y5 + TiO2 @C; (c) Mg88.7 Ni6.3 Y5 

Vant Hoff desorption curves; (d) Mg88.7 Ni6.3 Y5 + TiO2 @C Vant Hoff desorption curves. 

Table 1 
Mg88.7 Ni6.3 Y5 as-cast hydrogen desorption initial temperature and peak temperature. 

Heating rates (K/min) The First peak The Second peak 

Beginning 
dehydrogenation 
temperature(K) 

The First peak 
dehydrogenation 
temperature(K) 

Beginning 
dehydrogenation 
temperature(K) 

The Second peak 
dehydrogenation 
temperature(K) 

5 460.78 488.91 583.90 611.80 
10 464.03 500.19 587.51 623.27 
15 475.92 511.86 604.32 635.47 
20 475.04 517.10 602.49 640.42 

Table 2 
Mg88.7 Ni6.3 Y5 + TiO2 @C hydrogen desorption initial temperature and peak temperature. 

Heating rates (K/min) The First peak The Second peak 

Beginning 
dehydrogenation 
temperature(K) 

The First peak 
dehydrogenation 
temperature(K) 

Beginning 
dehydrogenation 
temperature(K) 

The Second peak 
dehydrogenation 
temperature(K) 

5 464.90 499.87 576.27 607.33 
10 476.80 516.95 584.58 633.35 
15 487.19 527.57 593.75 646.17 
20 513.16 535.35 590.98 654.05 
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Fig. 9. DSC curves of Mg88.7 Ni6.3 Y5 and Mg88.7 Ni6.3 Y5 + TiO2 @C hydrogenated alloy. (a) DSC curve of Mg88.7 Ni6.3 Y5 alloy; (b) Kissinger curve of 
Mg88.7 Ni6.3 Y5 alloy; (c) DSC curve of Mg88.7 Ni6.3 Y5 + TiO2 @C alloy; (d) Kissinger curve of Mg88.7 Ni6.3 Y5 + TiO2 @C alloy. 
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ivated TiO2 @C, the hydrogen molecule were dissociated into
ree hydrogen atoms. The multivalent titanium-based catalysts
s electron carriers provide additional electrons for the chem-
cal reaction between Mg2 + and H− to promote the formation
f Mg-H bonds. Pan et al. [36] studied that high valence Ti-
ased catalyst decompose into lower-valent species and even
ero-valent metal, which in-situ created multivalent multiele-
ent catalytic surroundings. The H atoms were thus trans-

erred through the "hydrogen overflow’’ effect of TiO2 . The
obility of hydrogen atoms is much higher when close to ad-

acent Ti monomers than when close to TiO2 [37] , so Ti can
eact with hydrogen to form low valence Ti-based hydrides
38] . Li et al. [39] found that the content of TiO2 catalyst
as partially reduced after the first hydrogenation and dehy-
rogenation cycles. The conversion of multiple valence Ti-
ompounds was also accompanied by the formation of MgO.
ome studies concluded that small additions of MgO were
ore effective in improving the kinetics of Mg-based hydro-

en storage materials than other types of oxides [40 , 41] , but
he hydrogen storage capacity of the material decreased with
he formation of excessive amounts of MgO [42] . Pukazh-
elvan [43] suggested that the Ti doped into the MgO phase
ormed a single oxide rock salt phase of MgO/TiO mixtures.
nlike the pure MgO layer, the rock salt phase was not the
arrier layer which blocks the hydrogen diffusion path in the
gH2 system. 
Fig. 10 (a) shows the schematic processes of the hydrogen

bsorption and desorption mechanisms of the TiO2 @C cat-
lyzed Mg88.7 Ni6.3 Y5 alloy with LPSO and ternary eutectic
tructure. There were abundant phase interfaces between the
eedle-shaped Mg2 Ni, Mg, Mg15 NiY phases and the coarse
g matrix in the ternary eutectic region. Faster diffusion

f hydrogen atoms took place at the phase boundaries com-
ared to that in the interior of the matrix. The freely-formed
oundaries among the various phases in the ternary eutec-
ic microstructure during solidification possessed a large con-
act area with each other. The multiphase structure should
xhibit catalytic and synergistic effects on the hydrogen ab-
orption and desorption. High-energy ball milling reduced the
ize of the particles to the nanoscale, shortening the diffu-
ion distances of hydrogen atoms and contributing to the im-
rovement of kinetics. Cui et al. [44] prepared multiphase
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Fig. 10. (a) Schematic diagram of catalyst hydrogen absorption mechanism of Mg88.7 Ni6.3 Y5 alloy catalyzed with TiO2 @C; (b) electron transfer during 
hydrogen absorption and desorption. 

m  

d  

a  

v  

s  

t  

t  

T  

m  

H  

[  

i  

p  

w  

n  

m  

i
 

M  

p  

d  

H
a  

M  

a  

o  

d  

Y  

p  

M  

t  

g  

Y
 

s  

c  

"  

d  

l  

a  

i  

t  

g  

g  

t  

p  

t

4

 

l
 

c  

5  

2  

t  

t  

M  

p  

p  

t  

w  

M  

t  

e  

d  

t  

h

D

 

fi  

a

A

 

R  

t  

S  

m  

a  
ultivalent Ti-based nanocatalysts with a core-shell structure,
emonstrating that multivalent Ti-based catalysts can provide
 large number of active centres for electron transfer and
alence conversion. During hydrogen absorption, H2 were dis-
ociated into free state H0 on the surface of the catalyst. On
he surface of the catalyst and the alloy, Ti2 + lost electrons
o form Ti3 + /4 + , and H0 gains electrons and converted to H−.
he Ti3 + /4 + ions accepted electrons from Mg to form Ti2 + ;
eanwhile, Mg lost electrons to form Mg2 + , and the Mg-
 bond was formed by Mg2 + and H− [45] . Zhang et al.

46] found that the nanostructured Mg2 Ni, YH2 /YH3 had an
mproved effect on the hydrogen absorption and desorption
erformance of Mg-based hydrogen storage materials. In this
ork, there are externally added TiO2 @C and in-situ endoge-
ous YH2 /YH3 , Mg2 Ni catalysts. The synergistic catalytic
echanism and electron transfer schematic drawing are shown

n Fig 10 (b). 
The LPSO structure was decomposed into MgH2 ,

g2 NiH0.3 , Mg2 NiH4 and YH2 /YH3 phases. The intermediate
hases Mg2 NiH0.3 and YH2 in the hydrogen absorption and
esorption process played an important role in the diffusion of
 atoms to Mg 21,47–50 ]. The intermediate phase Mg2 NiH0.3 

nd YH2 could act as catalysis of MgH2 by weakening the
g-H bond, reducing the reaction energy barrier between Mg

nd H, and participating in the nucleation of MgH2 as carriers
f H atoms and a large number of free electrons. The interme-
iate phases Mg2 NiH0.3 and YH2 transform to Mg2 NiH4 and
H3 after complete hydrogenation. In the dehydrogenation
rocess, Mg2 NiH4 dehydrogenates to Mg2 NiH0.3 first, then
gH2 dehydrogenates. The H atoms transfer outward through

he catalytic phases Mg2 NiH0.3 , YH3 and a large number of
rain/phase boundaries. Mg phase begins to nucleate, and then
H3 , Mg2 NiH0.3 are dehydrogenated to YH2 , Mg2 Ni. 
The improved hydrogen absorption kinetics and hydrogen

torage capacity of the samples were attributed to the nano-
atalysts loaded on the low-dimensional carbon materials as
hydrogen pumps’’. This accelerated the dissociation of hy-
rogen which diffused into the alloy 45,51–53 ]. The fine cata-
ysts for the decomposition of LPSO structure after hydrogen
bsorption were evenly distributed within the alloy, provid-
ng rich interphase boundaries. The nucleation of hydride at
hese boundaries shortened the diffusion distances of hydro-
en [54 , 55] and mitigated the adverse effect of the hydro-
enation layer on the diffusion of hydrogen atoms. The mul-
iphase eutectic microstructure, in-situ formed nano-catalytic
hase and added catalyst TiO2 @C synergistically improved
he hydrogen storage properties. 

. Summary and concluding remarks 

Based on the experimental results and analyses, the fol-
owing conclusions can be drawn from this work. 

The maximum hydrogen storage capacity of ball-milled as-
ast Mg88.7 Ni6.3 Y5 alloy catalyzed with TiO2 @C catalyst is
.32 wt.%. Catalyzed alloy absorbed 4.25 wt.% H2 in 1 min at
00 °C and 30 bar and demonstrated decent hydrogen desorp-
ion performance at 200 °C. The TiO2 @C catalyst improved
he thorough hydrogen absorption and desorption reactions of

gH2 . The multiphase eutectic structure with alternating fine
hases in the Mg88.7 Ni6.3 Y5 alloy provides abundant inter-
hase boundaries and active sites for hydrogen diffusion and
he nucleation and growth of hydrides. The nano-TiO2 @C
as uniformly distributed on the surface of the nanometer
g88.7 Ni6.3 Y5 alloy, which helped to prevent the agglomera-

ion of the nanoscale alloy particles and improved the catalytic
fficiency. The external TiO2 @C catalyst and the in-situ en-
ogenous catalyst from the decomposition of the LPSO struc-
ure and ternary eutectic structure synergistically improved the
ydrogen storage performance of Mg88.7 Ni6.3 Y5 alloy. 
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55] J. Čermák, L. Král, Acta Mater. 56 (2008) 2677–2686 . 

http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0001
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0002
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0003
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0004
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0005
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0006
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0007
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0008
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0009
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0010
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0011
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0012
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0013
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0014
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0015
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0016
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0017
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0018
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0019
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0020
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0021
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0022
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0023
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0024
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0025
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0026
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0027
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0028
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0029
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0030
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0031
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0032
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0033
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0034
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0035
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0036
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0037
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0038
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0039
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0040
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0041
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0042
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0043
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0044
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0045
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0046
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0047
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0048
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0049
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0050
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0051
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0052
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0053
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0054
http://refhub.elsevier.com/S2213-9567(23)00083-X/sbref0055

	TiO2@C catalyzed hydrogen storage performance of Mg-Ni-Y alloy with LPSO and ternary eutectic structure
	1 Introduction
	2 Experimental
	2.1 Materials preparation
	2.2 Analysis and characterization

	3 Results and discussion
	3.1 Phase composition
	3.2 Microstructure
	3.3 Hydrogen absorption and desorption kinetics
	3.4 Hydrogen absorption and desorption thermodynamics
	3.5 Hydrogen absorption and desorption mechanism

	4 Summary and concluding remarks
	Declaration of competing interest
	Acknowledgments
	References


