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Abstract 

The hydrogen absorption/desorption kinetic properties of MgH 2 can be effectively enhanced by doping specific catalysts. In this work, 
MOFs-derived NiCu@C nanoparticles ( ∼15 nm) with regular core-shell structure were successfully prepared and introduced into MgH 2 

(denoted as MgH 2 –NiCu@C). The onset and peak temperatures of hydrogen desorption of MgH 2 –11 wt.% NiCu@C are 175.0 °C and 
282.2 °C, respectively. The apparent activation energy of dehydrogenated reaction is 77.2 ± 4.5 kJ/mol for MgH 2 –11 wt.% NiCu@C, which 
is lower than half of that of the as-milled MgH 2 . Moreover, MgH 2 –11 wt.% NiCu@C displays great cyclic stability. The strengthening 
“hydrogen pumping” effect of reversible solid solutions Mg 2 Ni(Cu)/Mg 2 Ni(Cu)H 4 is proposed to explain the remarkable improvement in 
hydrogen absorption/desorption kinetic properties of MgH 2 . This work offers a novel perspective for the design of bimetallic nanoparticles 
and beyond for application in hydrogen storage and other energy related fields. 
© 2022 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 

At present, hydrogen is becoming a worldwide energy car- 
ier candidate, and the “hydrogen economy” era is coming. 
ne of the most important technical obstacles during the tran- 

ition from conventional “carbon economy” to the “hydrogen 

conomy” is how to store hydrogen in a safe and efficient way 

1–3] . Compared with other traditional hydrogen storage ma- 
erials, MgH 2 has the advantages of high theoretical hydrogen 

ontent (7.6 wt.%, 110 kg/m 

3 ), low price, and abundant raw 

aterial resources [4–7] . However, hydrogen absorption and 

esorption reactions of MgH 2 have great obstacles in terms 
f thermodynamics and kinetics. So far, the strategies to im- 
rove Mg-based hydrogen storage materials mainly include 
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lloying [8–11] , catalysis [12–15] , nanotechnology [16–19] , 
uilding composite systems [ 20 , 21 ], and so on [22] . 

Catalyzing by doping transition metals-based agents [ 23 , 
4 ] into the system is an efficient strategy to accelerate the 
ydrogen storage kinetics of Mg-based hydride. Ma et al. 
25] indicated the great hydriding kinetics of MgH 2 -TM MOF 

TM = Co, Fe) is attributed to the formation of Mg 2 Co and 

-Fe phases in the first dehydrogenation. Yao et al. [26] syn- 
hesized Ni@rGO ( ∼10 nm) with different loading amounts 
ia wet chemical method. The MgH 2 –Ni 4 @rGO 6 compos- 
te absorbs 5.0 wt.% H 2 in 1200s at 100 °C, and releases 
.1 wt.% H 2 in 900 s at 300 °C. The excellent hydro- 
en ab/desorption kinetic properties of the MgH 2 –Ni 4 @rGO 6 

omposite is mainly attributed to the promotional effect of 
g 2 Ni/Mg 2 NiH 4 . Recently, many multi-component catalysts 

ave been synthesized and they generally exhibit better cat- 
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 

reversible solid solutions Mg2Ni(Cu)/ Mg2Ni(Cu)H4 on hydrogen storage 
/ j.jma.2022.04.006 

http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2022.04.006
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yfzhu@njtech.edu.cn
mailto:zhangjiguang@njtech.edu.cn
https://doi.org/10.1016/j.jma.2022.04.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jma.2022.04.006


Y. Zhao, Z. Liu, J. Liu et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; June 11, 2022;18:58 ] 

a
a
l
v
d
T
T
h
t
M
n
d

i
c
t
M
n
s
w
t
o
a
c
f
s
e
v

2

2

a
S
t
R
m
C
q
3
g
f  

g
l
e

s
x  

e
t
b
(
M
M

2

r
m
o
e
r
J
t
t
a
m
m
t
s
o
s
w
l

2

p
[
w
c
s
f
t
t
o
i

3

3

(
5
o
C
c
2
i
c
i
p
s
b
a
e
8
i
(

lytic effect than their corresponding single component cat- 
lyst. Gao et al. [27] prepared Ni/Ti 3 C 2 sandwich-type cata- 
ysts with different interface by the wet chemical method. It 
erified that the electronic interactions result from the abun- 
ant interfaces and the synergistic effect between Ni and 

i 3 C 2 . Zhang et al. [28] demonstrated that the flower-like 
iO 2 @C is superior to flower-like TiO 2 in facilitating the 
ydrogen release of MgH 2 . Huang et al. [29] verified that 
he eminent hydrogen ab/desorption kinetic performances of 

gH 2 + 10 wt.% Ni@C-MXene is ascribed to in-situ Ti 0 , 
ano- confinement of carbon shell and MXene and the “hy- 
rogen pump" effect of Mg 2 Ni/Mg 2 NiH 4 . 

We believe there are some underlying reasons resulting 

n the remarkable synergistic effect of the multi-component 
atalyst. Therefore, the aim of the current study is not only 

o design an efficient metal-based hybrid catalyst used for 
gH 2 hydrogen storage, but also to prove a rational mecha- 

ism for the improvement. To achieve this, we designed and 

ynthesized a neoteric bimetallic catalyst NiCu@C ( ∼15 nm) 
ith a core-shell structure. MgH 2 –NiCu@C showed both bet- 

er de/hydrogenation kinetics and cycle stability than that 
f MgH 2 –Ni@C and MgH 2 –Cu@C. Through XRD, SEM 

nd HRTEM tests, the evolution of NiCu@C in the pro- 
ess of hydrogen ab/desorption and the improvement ef- 
ect on Mg/MgH 2 have been revealed. And through den- 
ity functional theory (DFT) calculations, the intrinsic syn- 
rgistic effect of Mg 2 Ni(Cu)/Mg 2 Ni(Cu)H 4 has been further 
erified. 

. Experimental 

.1. Sample synthesis 

The NiCu@C catalysts was prepared by solvothermal 
nd pyrolysis method. Copper nitrate hydrate (0.20 g, 99%, 
hanghai Xinbao Fine Chemical Factory) and Nickel ni- 

rate hydrate (0.25 g, 99%, Chengdu Kelong Chemical 
eagent Factory) were dissolved in 3 mL distilled water. 2- 
ethylimidazole (5.5 g, 99%, Sinopharm Chemical Reagent 
o., Ltd.) was dissolved in 20 mL distilled water. Subse- 
uently, the above two solutions were mixed and stirred at 
0 °C for 6 h. The reaction product was collected by centrifu- 
al washing with methanol. The sediment was dried at 80 °C 

or a day, and finally pyrolyzed at 800 °C for 180 min in ar-
on to obtain NiCu@C catalyst. For comparison, monometal- 
ic catalysts Ni@C and Cu@C were obtained under the same 
xperimental conditions. 

MgH 2 powders were obtained by hydriding combustion 

ynthesis (HCS) [30] . Subsequently, such samples as MgH 2 - 
 wt.% NiCu@C ( x = 5, 8 and 11) were prepared by a plan-
tary ball mill. The ball milling parameters were as follows: 
he milling speed was 400 rpm, the milling time was 10 h, the 
all to powder ratio was 40:1, the grinding aid was graphite 
2 wt.%) and the milling atmosphere was Ar. For reference, 

gH 2 - 11 wt.% Ni@C, MgH 2 - 11 wt.% Cu@C and as-milled 

gH 2 were prepared under the same method. 
2 
.2. Characterizations 

Phase structure of all samples were analyzed by X- 
ay diffraction (XRD, ARL X’TRA, Cu-K α radiation). The 
icroscopic morphology and crystallographic information 

f all samples were measured by field emission scanning 

lectron microscope (FESEM, Zeiss Supra 55) and high- 
esolution transmission electron microscope (HRTEM, JEOL 

EM 2100). The dehydrogenation onset and peak tempera- 
ure and hydrogen storage capacity of samples were tested 

hrough differential scanning calorimetry (DSC, TA Q2000) 
nd temperature-programmed-desorption (TPD). The isother- 
al de/hydrogenation kinetics properties of the samples were 
easured via a Sievert’s type apparatus (GRC, Advanced Ma- 

erials Co.) under 3 MPa initial hydrogen pressure for ab- 
orption, and 0.005 MPa initial hydrogen pressure for des- 
rption at various temperatures. To avoid oxidation of the 
amples, all operation was performed in a glovebox filled 

ith Ar (99.999%) and the oxygen/water concentrations be- 
ow 0.01 ppm. 

.3. Calculations 

DFT calculations were made in VASP 5.4.4 software 
ackage [31] . The projector-augmented wave (PAW) method 

32] and the generalized gradient approximation (GGA) 
ithin Perdew–Burke–Ernzerhof (PBE) were employed to 

alculate and generated the electronic structures [33] . The Mg 

lab, Mg 2 Ni slab and Mg 2 Ni(Cu) slab were constructed and 

urther optimized. In the corresponding electronic structure of 
he hydrogenated state, the positions of hydrogen atoms on 

hese slabs were the most stable positions determined after 
ptimization. A vacuum space was established to avoid the 
nterferences between repeating images. 

. Results and discussion 

.1. Structure analysis of NiCu@C 

NiCu and C phases can be found in the XRD pattern 

 Fig. 1a ) of NiCu@C. The typical diffraction peaks at 44.0 

o , 
1.3 

o and 75.4 

o are indexed to (111), (200) and (220) planes 
f NiCu (JCPDS card no. 65–7246). It indicated that Ni 2 + and 

u 

2 + were reduced to NiCu during the high-temperature cal- 
ination process. The typical diffraction peak of graphite at 
6.2 

o was also probed (JCPDS card no. 75–1621). Accord- 
ng to the typical HRTEM images ( Fig.1b ), a well-formed 

ore-shell structure ( ∼15 nm) has been recognized. As shown 

n Fig.1c , the lattice space of 0.206 nm is assigned to (111) 
lane of NiCu. It is observed that the dark region of the NiCu 

olid solution is surrounded by a 2-nm-thick amorphous car- 
on layer. We believe that such an ultra-thin carbon shell can 

void the agglomeration and growth of NiCu effectively and 

nhance the dispersion of the particles during calcination at 
00 °C to obtain highly active nanoparticles. The correspond- 
ng SAED pattern can further verify the existence of NiCu 

 Fig. 1d ). Therefore, core-shell NiCu@C nanoparticles have 
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Fig. 1. (a) XRD, (b and c) HRTEM and (d) SAED images of NiCu@C sample. 
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een successfully synthesized via solvethermal and pyrolytic 
ethod. 

.2. Hydrogen storage property of MgH 2 -NiCu@C 

DSC results of MgH 2 - x wt.% NiCu@C ( x = 5, 8, 11)
re listed in Fig. 2a . The three samples start releasing hydro- 
en at almost identical temperatures. Nevertheless, the peak 

ehydrogenation temperature of MgH 2 –11 wt.% NiCu@C is 
82.8 °C, which is significantly lower than that of MgH 2 –
 wt.% NiCu@C (326.0 °C) and MgH 2 –5 wt.% NiCu@C 

332.2 °C). Although the dehydrogenation peak temperature 
an be further decreased, we did not further increase the 
mount of NiCu@C considering the capacity loss. Therefore, 
nder the current experimental conditions, an optimized addi- 
ive amount of 11 wt.% was selected to test the following hy- 
rogen storage property. Besides, for comparison, three other 
amples of MgH 2 –11 wt.% Cu@C, MgH 2 –11 wt.% Ni@C 

nd as-milled MgH 2 have also been synthesized. Among all 
illed composites, the NiCu@C doped sample exhibits the 

est dehydrogenation performance ( Fig. 2b ): MgH 2 –11 wt.% 

iCu@C and MgH 2 –11 wt.% Ni@C start to dehydrogenate 
t ∼175 °C, while MgH 2 –11 wt.% Cu@C and as-milled 

gH 2 hardly dehydrogenate at that temperature. Meanwhile, 
3 
he Ni@C doped sample has two dehydrogenation peaks with 

he peak temperatures of 263.0 °C and 355.0 °C, respectively. 
nterestingly, the NiCu@C doped sample has only one dehy- 
rogenation peak and the peak temperature is 282.2 °C un- 
er the identical condition. By analyzing the DSC curves of 
gH 2 –11 wt.% NiCu@C and as-milled MgH 2 , the dehydro- 

enation reaction enthalpies are calculated as −72.2 kJ/mol 
nd −74.3 kJ/mol, respectively. It suggests that the addi- 
ion of NiCu@C hardly improves the thermodynamics of 

gH 2 . In order to further investigate the catalytic perfor- 
ance of the NiCu@C, the isothermal dehydrogenation at 225 

C and hydrogenation at 150 °C of MgH 2 –11 wt.% NiCu@C, 
gH 2 –11 wt.% Ni@C and MgH 2 –11 wt.% Cu@C were car- 

ied out ( Fig. 2 c and d). Among the three samples, MgH 2 –
1 wt.% NiCu@C exhibits the best kinetic performance for 
e/hydrogenation. Combined with the DSC results, we ob- 
erve that of the two monometallic catalysts, the catalytic 
erformance of Ni@C was significantly better than that of 
u@C. Notably, the catalytic effect of the bimetallic catalyst 
iCu@C has a further improvement over that of Ni@C. Ac- 

ordingly, we presume that there is the synergistic catalytic 
ffect of the bimetallic catalyst NiCu@C. 

As shown in the inset in Fig. 3a , MgH 2 –11 wt.% NiCu@C 

tarts releasing hydrogen at about 180 °C, which is consis- 
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Fig. 2. DSC curves of (a) MgH 2 - x wt.% NiCu@C ( x = 5, 8, 11) under heating rate of 10 °C /min; (b) as-milled MgH 2 , MgH 2 –11 wt.% Ni@C, MgH 2 –
11 wt.% Cu@C and MgH 2 –11 wt.% NiCu@C under heating rate of 10 °C /min;the measurements for MgH 2 –11 wt.% Ni@C, MgH 2 –11 wt.% Cu@C 

and MgH 2 –11 wt.% NiCu@C: (c) isothermal dehydrogenation curves measured at 225 °C; (d) isothermal hydrogenation curves measured at 150 °C. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ent with the DSC result. Upon heating to 350 °C, about 
.1 wt.% of hydrogen is desorbed. The isothermal dehydro- 
enation curves of the sample at 250, 260, 275 and 300 °C 

re shown in Fig. 3a : the composite can desorb 5.3 wt.% hy- 
rogen within 600 s at 300 °C. With the decrease of test tem- 
erature, the dehydrogenation kinetics gradually slow down: 
gH 2 –11 wt.% NiCu@C can desorb ∼5.0 wt.% hydrogen 

ithin 1200s, 2800s and 5000 s at 275, 260 and 250 °C, 
espectively. 

We further investigated the dehydrogenation kinetics of 
gH 2 –11 wt.% NiCu@C by fitting the above isothermal de- 

ydrogenation data via different kinetic equations, which are 
hown as follows [ 34 , 35 ]: 

 α/d t = k(T ) f (α) (1) 

f (α) = A (t/t 0. 5 ) (2) 

here α represents the reacted fraction, t the corresponding 

eaction time, T the reaction temperature, and t 0.5 the reac- 
ion time corresponding to the value of α = 0.5. The constant 
(T) and A are the reaction rate constant and the constant re- 
ated to the kinetic mechanism, respectively. In order to reveal 
4 
he rate-controlling step of the dehydrogenation of MgH 2 –
1 wt.% NiCu@C at different temperatures and the kinetic 
echanism, ( t / t 0.5 ) theo vs. ( t/t 0.5 ) exp of the composite at 275 °C

or nine kinetic models are plotted in Fig. 3b . The closer the 
lope obtained from the linear fit is to 1, the kinetic model 
s better adapted to the dehydrogenation reaction at 275 °C. 
t indicates the R3 (three-dimensional phase boundary) model 
ts best under the current situation. In our previous work [27] , 
e have verified that the R2 (two-dimensional phase bound- 

ry) model matches the as-milled MgH 2 best. Both R3 and 

2 are phase boundary models, but the reaction rate of the 
ormer is greater than that of the latter [34] . It also indicates 
hat MgH 2 –11 wt.% NiCu@C possesses better dehydrogena- 
ion kinetic performance. The dehydrogenation data at 250, 
60, 275 and 300 °C ( α: 0.3–0.7) are fitted to the R3 model 
orresponding to the time-dependent equation and show good 

inearity ( Fig. 3c ). Finally, the obtained slopes ( k ) and the cor-
esponding temperatures ( T ) are substituted into the Arrhenius 
quation [36] : 

n k = −E a /RT + ln A (3) 

here A and R are rate and gas constant, respectively. The 
pparent activation energy ( E a ) value of dehydrogenation re- 
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Fig. 3. (a) Isothermal dehydrogenation curves of MgH 2 –11 wt.% NiCu@C composite measured at 250, 260, 275 and 300 °C, the inset is TPD curve; (b) 
( t/t 0.5 ) theo vs. ( t/t 0.5 ) exp of MgH 2 –11 wt.% NiCu@C composite at 275 °C for various kinetic models; (c) time dependence of kinetic modeling equation g( α) 
for MgH 2 –11 wt.% NiCu@C composite with 0.3 <α< 0.7 at different temperatures, and (d) Arrhenius plot for the dehydriding kinetics of MgH 2 –11 wt.% 

NiCu@C composite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
The apparent activation energy of dehydrogenation reaction of various MgH 2 - 
catalyst systems. 

Sample E a (kJ/mol) Ref. 

MgH 2 –5 wt.% K 2 SiF 6 114.0 [37] 
MgH 2 –5 wt.% Ti 2 C 157.9 [38] 
MgH 2 –10 wt.% LaFeO 3 107.0 [39] 
MgH 2 –5 wt.% FeCoNi@GS 85.1 [40] 
MgH 2 –10 wt.% MnFe 2 O 4 108.4 [41] 
MgH 2 –2 wt.% MoO 3 114.7 [42] 
MgH 2 –10 wt.% MgNiO 2 108.0 [43] 
MgH 2 –15 wt.% HfCl 4 102.1 ± 0.1 [44] 
MgH 2 –5 wt.% Ni 90 @PHCNSs 98.0 ± 6.0 [45] 
MgH 2 –10 wt.% Ni 3 S 2 @C 115.2 ± 6.0 [46] 
MgH 2 –10 wt.% V 2 C 87.6 [47] 
MgH 2 –11 wt.% NiCu@C 77.2 ± 4.5 This work 
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ction is calculated as 77.2 ± 4.5 kJ/mol ( Fig. 3d ), which 

s lower than that of other recently published MgH 2 -catalyst 
ystems as shown in Table 1 [37–47] , suggesting that the ad- 
ition of NiCu@C can significantly reduce the dehydrogena- 
ion energy barrier and improve the dehydrogenation kinetics 
f MgH 2 . 
5 
Similarly, the hydrogenation kinetic properties of MgH 2 –
1 wt.% NiCu@C were also evaluated. Isothermal hydrogena- 
ion tests of the sample are shown in Fig. 4a : it can absorb 

.0 wt.%, 4.3 wt.%, 2.9 wt.% and 2.0 wt.% of hydrogen in 

0 min at 150 °C, 125 °C, 115 °C and 100 °C, respectively. 
ubsequently, Fig. 4b shows the results of a linear fit of the 
ydrogenation data for MgH 2 –11 wt.% NiCu@C at 125 °C 

o the nine kinetic models, and it can be seen that it matches 
est with the D2 model. It reveals that the rate-controlling 

tep in the hydrogen absorption reaction at 125 °C is two- 
imensional diffusion. Fig. 4c shows the isothermal hydrogen 

bsorption data ( α = 0.3–0.7) of MgH 2 –11 wt.% NiCu@C 

t 100, 115, 125 °C and 150 °C with the results of the lin-
ar fit of the D2 model corresponding to the time-dependent 
quation. Finally, the obtained slopes and the correspond- 
ng temperatures are substituted into the Arrhenius equation 

nd E a of the hydrogen absorption reaction is calculated as 
1.8 ± 6.5 kJ/mol ( Fig. 4d ). 

NiCu@C not only improves the hydrogen storage kinet- 
cs of MgH 2 significantly, but also enables MgH 2 –11 wt.% 

iCu@C to have a good capacity retention rate in the cy- 
le test. The cyclic hydrogen sorption test was carried out at 
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Fig. 4. (a) Isothermal hydrogenation curves of MgH 2 –11 wt.% NiCu@C composite measured at 100, 115, 125 and 150 °C; (b) ( t/t 0.5 ) theo vs. ( t/t 0.5 ) exp 

of MgH 2 –11 wt.% NiCu@C composite at 125 °C for various kinetic models; (c) time dependence of kinetic modeling equation g( α) for MgH 2 –11 wt.% 

NiCu@C composite with 0.3 <α< 0.7 at different temperatures, and (d) Arrhenius plot for the hydriding kinetics of MgH 2 –11 wt.% NiCu@C composite. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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75 °C. As shown in Fig. 5a , the kinetic performance and 

apacity of the sample exhibits good cycling stability over 
0 cycles. In order to more intuitively observe the changes 
n the hydrogen storage capacity of the sample during each 

ycle, we have drawn the curves of hydrogen content as a 
unction of cyclic number ( Fig. 5b ). The capacity retention 

ate of the sample is 98.0% after ten cycles. We speculate 
hat Mg 2 Ni(Cu)/Mg 2 Ni(Cu)H 4 can inhibit the aggregation and 

rowth of Mg/MgH 2 during hydrogen ab/desorption reactions, 
hich is the reason for the favorable cycling performance of 
gH 2 –11 wt.% NiCu@C. 

.3. Synergistic mechanisms 

To reveal the synergistic mechanisms, the microscopic 
orphologies and phases of different states of MgH 2 –11 wt.% 

iCu@C were characterized. As seen from TEM image in 

ig.6a , the nanoparticle of MgH 2 –11 wt.% NiCu@C can be 
learly observed. The sequential rings shown in the SAED 

mage ( Fig. 6b ) were identified as belonging to the (101) and 

200) crystal planes of MgH 2 and the (111) crystal plane of 
iCu. According to the HAADF and EDS images of four 
6 
lements of Mg, Ni, Cu, C, it can be speculated that the 
iCu@C nanoparticles are homogeneously distributed on the 
gH 2 substrate via ball milling. 
From the HRTEM image of Fig. 7 , the (101) crystal 

lane of MgH 2 (JCPDS no. 74–0934), and (111) crystal 
lane of NiCu (JCPDS no. 65–9048) were indexed. Mean- 
hile, a large number of interfaces have been observed in 

gH 2 –11 wt.% NiCu@C composite (such as the yellow dot- 
ed line). These interfaces increase the free energy and reac- 
ion activity of the system, thereby facilitating H 2 to disso- 
iate on the surface of MgH 2 . Moreover, the interfaces are 
upposed to provide more channels for H to diffuse [ 48 , 
9 ]. The lattice fringes in the regions (1) , (2) and (3) all
orrespond to (111) crystal plane of NiCu. It also indi- 
ates that the NiCu@C nanoparticles ( ∼2 nm in size) are 
ell distributed in the MgH 2 matrix. In particular, the lat- 

ice distortion that has been observed in region (4), will 
lso help increase the free energy and reactivity of the 
ample. 

The XRD pattern of as-milled MgH 2 –11 wt.% NiCu@C 

s shown in Fig. 8a . MgH 2 (JCPDS no. 74–0934), and trace 
f NiCu (JCPDS no. 65–9048) can be observed, which in- 
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Fig. 5. (a) Isothermal hydrogenation and dehydrogenation cyclic kinetics curves of MgH 2 –11 wt.% NiCu@C composite from the 1st to the 10th cycle at 
275 °C. (b) Hydrogen absorption/desorption capacity of MgH 2 –11 wt.% NiCu@C composite as a function of cycle number. 

Fig. 6. (a) TEM, (b) SAED images of MgH 2 –11 wt.% NiCu@C composite, (c) representative HAADF image of MgH 2 –11 wt.% NiCu@C composite. (d) 
Mg, (e) Ni, (f) Cu and (g) C element mapping are in green, blue, purple and red, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

7 
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Fig. 7. HRTEM image of MgH 2 –11 wt.% NiCu@C; (1) , (2) , (3) and (4) images are different magnified regions. 

Fig. 8. XRD patterns of (a) as-milled, (b) dehydrogenated and (c) rehydrogenated MgH 2 –11 wt.% NiCu@C composite. 

8 



Y. Zhao, Z. Liu, J. Liu et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; June 11, 2022;18:58 ] 

Fig. 9. FESEM images of (a) as-milled and (b) cyclic MgH 2 –11 wt.% NiCu@C composite; (c and d) EDS profiles of cyclic MgH 2 –11 wt.% NiCu@C 

composite, and Mg, Ni, Cu and C element mapping are in green, orange, yellow and red, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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icates the mechanical milling process is a simple physical 
ixing. As shown in Fig. 8b , the main phase transforms 

nto Mg (JCPDS no. 65–3365) after dehydrogenation. Be- 
ides, the diffraction peaks around 20 ° and 40 ° are both 

ocated between the diffraction peaks of Mg 2 Ni and Mg 2 Cu. 
t is speculated that a solid solution phase, Mg 2 Ni(Cu), has 
een formed in situ in the first dehydrogenation of MgH 2 –
1 wt.% NiCu@C. It means that the ultra-thin amorphous 
arbon shell ( ∼2 nm) in the prepared NiCu@C does not 
revent the reaction of NiCu with other phases. Compared 

ith as-milled sample, the rehydrogenated sample generated 

 new phase as exhibited in Fig. 8c . The diffraction peaks of 
he new phase are located at around 23.6 °, 39.0 ° and 61.9 

, with a slight shift towards low angle direction compared 

ith the corresponding standard diffraction peaks of Mg 2 NiH 4 

JCPDS no. 37–1159). It is speculated that the generation of 
g 2 Ni(Cu)H 4 leads to such a result [50] . Moreover, the mi- 

rostructure of as-milled and cyclic MgH 2 –11 wt.% NiCu@C 

ere also examined ( Fig. 9 a and b). Compared with as-milled 

gH 2 –11 wt.% NiCu@C, the particles do not show agglom- 
ration and growth after cyclic testing. And it is believed to 

e the chief reason for the favorable cycling performance of 
gH 2 –11 wt.% NiCu@C. As shown in the EDS profiles of 

yclic MgH 2 –11 wt.% NiCu@C, the elements Mg, Ni and Cu 

re homogenously distributed after cycling ( Fig. 9 c and d). It 
ndicates that the new phase, Mg 2 Ni(Cu)H 4 , can still be uni- 
9 
ormly distributed in the MgH 2 substrate after cyclic testing. 
or the reason given above, MgH 2 –11 wt.% NiCu@C exhibits 
xcellent hydrogen absorption/desorption performances. 

To further research the catalytic mechanism of NiCu@C, 
he DFT calculations for the hydrogen adsorption energy 

 E ads ) were carried out. First, we established theoretical mod- 
ls of Mg, Mg 2 Ni and Mg 2 Ni(Cu) respectively, and the re- 
ults of structural optimization are listed in Fig10 a, c and 

. The three models were further optimized after putting a 
 atom on them ( Fig10 b, d and f). By calculating and ana- 

yzing the adsorption energies of the initial ( E slab ) and final 
 E slab-H 

) states of the three systems, the E ads of Mg, Mg 2 Ni
nd Mg 2 Ni(Cu) can be obtained according to E ads = E slab-H 

- 
 slab - E H 

[51–54] . The hydrogen adsorption energy data of 
g, Mg 2 Ni and Mg 2 Ni(Cu) are −0.06, −0.23 and −0.41 eV, 

espectively. Obviously, the E ads of Mg 2 Ni(Cu) is the lowest, 
ndicating that Mg 2 Ni(Cu)H 4 is easier to form than Mg 2 NiH 4 

nd MgH 2 . 
Combining the above experimental results and the DFT 

alculations, we revealed the catalytic mechanism of NiCu@C 

n Mg/MgH 2 ab/desorption. As shown in Fig. 11 , Mg 2 Ni(Cu) 
ould be in situ formed during first dehydrogenation reac- 
ion. In subsequent hydrogenation reaction, Mg 2 Ni(Cu) cap- 
ures H more easily from the outside and facilitates the dif- 
usion of H to Mg, which can accelerate the hydrogenation 

f Mg. And in the dehydrogenation reaction, Mg 2 Ni(Cu)H 4 
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Fig. 10. Theoretical structural models of (a) Mg and (b) MgH 2 , (c)Mg 2 Ni and (d) Mg 2 NiH 4 , (e) Mg 2 Ni(Cu) and (f) Mg 2 Ni(Cu)H 4 after optimization. 

Fig. 11. A schematic illustration of Mg 2 Ni(Cu)/Mg 2 Ni(Cu)H 4 during the dehydrogenated and hydrogenated reaction of MgH 2 /Mg. 
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referentially dehydrogenates to form Mg 2 Ni(Cu). Mg 2 Ni(Cu) 
lso captures H more easily from MgH 2 , which induces 
gH 2 to rapidly dehydrogenate. Therefore, we can consider 

hat Mg 2 Ni(Cu)/Mg 2 Ni(Cu)H 4 play a strengthening “hydro- 
en pumping” role in the de/hydrogenation of MgH 2 /Mg. 

. Conclusions 

In this work, we confirm that the introduction of MOFs- 
erived NiCu@C nanoparticles ( ∼15 nm) with regular core- 
hell structure as a catalyst into MgH 2 can significantly en- 
10 
ance the hydrogen storage kinetic properties of the com- 
osite. For instance, MgH 2 –11 wt.% NiCu@C exhibits the 
ower onset and peak dehydrogenation temperatures (175.0 °C 

nd 282.2 °C) than those of the other comparison sam- 
les. MgH 2 –11 wt.% NiCu@C can release 5.0 wt.% H 2 in 

0 min at 275.0 °C and uptake 5.0 wt.% H 2 in 30 min 

t 150.0 °C. The E a value of hydrogen desorption is 
7.2 ± 4.5 kJ/mol. Meanwhile, MgH 2 –11 wt.% NiCu@C 

wns great cyclic stability: the capacity retention rate is 
8.0% after ten cycles. During hydrogenated and dehy- 
rogenated reaction, the formation of reversible solid so- 
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utions Mg 2 Ni(Cu)/Mg 2 Ni(Cu)H 4 is confirmed. Combining 

he DFT calculations, we demonstrate that Mg 2 Ni(Cu)H 4 

s more easily formed than Mg 2 NiH 4 , which means that 
g 2 Ni(Cu)/Mg 2 Ni(Cu)H 4 has the strengthening “hydrogen 

umping” effect compared to that of Mg 2 Ni/Mg 2 NiH 4 . 
n consequence, the hydrogenation/dehydrogenation ki- 
etics of MgH 2 –11 wt.% NiCu@C is significantly 

mproved. 
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