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Highly efficient bimetal synergetic catalysis of multi-

wall carbon nanotubes supported palladium and nickel 

on hydrogen storage of magnesium hydride† 

Jianguang Yuan
 a b

, Yunfeng Zhu*
 a
 and Liquan Li*

 a 

Multi-wall carbon nanotubes supported Pd and Ni catalyst 

efficiently catalyzed hydrogen storage of magnesium 

hydride prepared by HCS+MM. The excellent hydrogen 

storage properties were obtained: hydrogen absorption 6.44 

wt.% within 100s at 373 K, hydrogen desorption 6.41 wt.% 

within 1800s at 523 K and 6.70 wt.% within 400s at 573 K. 

Hydrogen storage, especially its application in vehicle and hydrogen 

fuel cell, remains a challenge in the commercialization of an 

economy based on hydrogen energy.1 Therefore, the new materials 

and hydrogen tank systems are needed to meet vehicle requirements. 

We are trying to produce a new material to store hydrogen on board. 

Magnesium is a very promising candidate for hydrogen storage 

material due to its high energy density (43.0 MJ L-1, which meets the 

DOE hydrogen storage ultimate targets), abundant resources, low 

cost and non-pollution, attracting extensive research in the last few 

decades. 2 However, the actual application of magnesium hydride is 

severely restricted due to its high thermodynamic stability, sluggish 

hydrogen sorption/desorption kinetics and a severe thermal 

management.3 The high thermodynamic stability means that a very 

high temperature (at least 573 K) is required for desorption. A severe 

thermal management means that the absorption/desorption of 

hydrogen requires a heat exchanger with high powers.4   

To overcome these drawbacks in terms of the materials, several 

approaches have been adopted to improve the performance of MgH2 

for hydrogen storage, including catalysts addition, alloying, 

nanostructuring and composite fabrication.5 Up to now, significant 

progress has been achieved to enhance the hydrogenation/ 

dehydrogenation properties. One of the most notable studies is the 

addition of transition metals as catalysts, such as nickel (Ni), 

palladium (Pd), cobalt (Co), titanium (Ti), niobium (Nb), copper 

(Cu), iron (Fe), etc,6 and some of their compounds have been proven 

to significantly ameliorate the hydrogen sorption/desorption kinetics 

of MgH2. Besides, carbon materials have been widely used as 

catalyst support in heterogeneous catalysis.7 Multi-wall carbon 

nanotubes (MWCNTs), a unique form of carbon, has been 

demonstrated to be promising alternative support materials owing to 

their intrinsic properties, such as high surface area, unique electronic 

properties and chemical inertness, thermal stability and high 

mechanical strength.8 Jia et al. synthesized a multi-component 

catalyst Ni-VOx on active carbon (AC) and found the Mg-Ni-

VOx/AC composite can absorb 6.2 wt.% hydrogen within only 1 

minute at 423 K under a hydrogen pressure of 2 MPa and desorb 6.5 

wt% hydrogen within 10 minutes at 573 K.9  

In the present work, multi-wall carbon nanotubes supported 

palladium and nickel (Pd3Ni3/MWCNTs4, mass ratio) was introduced 

to the magnesium-based materials by the process of hydriding 

combustion synthesis (HCS) followed by mechanical milling (MM). 

Pd3Ni3/MWCNTs4 catalyst was synthesized for the first time by a 

two-step chemical reduction method. The structural properties of the 

pristine MWCNTs, Ni3/MWCNTs4 and Pd3Ni3/MWCNTs4 catalysts 

were studied by XRD as shown in Fig. 1. The MWCNTs exhibits a 

main sharp peak centering at 2θ≈26.4 degree (002). The XRD 

pattern of the intermediate product Ni3/MWCNTs4 is shown in Fig. 

1(b), which corresponds to the (111), (200) and (220) plane 

reflections of Ni. The characteristic peaks of Pd corresponding to the  
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Fig. 1 XRD patterns: (a) MWCNTs, (b) Ni3/MWCNTs4 catalyst and (c) 
Pd3Ni3/MWCNTs4 catalyst 

(111), (200), (220) and (311) plane reflections are observed in Fig. 

1(c), confirming the incorporation of Pd and Ni nanoparticles within 

the Pd3Ni3/MWCNTs4 catalyst. The average grain sizes of Pd and Ni 

are roughly estimated to be about 10.1 and 15.4 nm, respectively. 

TEM analysis was used to investigate the dispersion form of the 

Pd and Ni nanoparticles in the MWCNTs. It can be seen from the 
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TEM images (Fig. 2 a, b) that the spherical Pd or Ni nanoparticles 

with a diameter of about 5~20 nm are uniformly distributed on the 

surface of the MWCNTs. HRTEM micrographs (Fig. 2 c, d) show 

that the lattice fringes with a separation of 0.1944 nm agree well 

with the (200) interplanar spacing of Pd; the lattice fringes with a 

separation of 0.2022 nm agree well with the (111) interplanar 

spacing of Ni; and the lattice fringes with a separation of 0.3697 or 

0.3659 nm agree well with the (002) interplanar spacing of C 

hexagonal crystal. Furthermore, the inset shows the corresponding 

selected area electron diffraction (SAED) pattern in Fig. 2(b), which 

displays a distinguishable ring-like feature and diffraction spots, and 

the spots from inner to outer correspond to the plane reflections of 

Ni (200), Pd (311) and C (002). We have performed the EDS 

mapping of Pd, Ni and C of the as-prepared Pd3Ni3/MWCNTs4 as 

shown in Fig. S1, ESI†. The results clearly indicate that Pd and Ni 

nano-particles are uniformly distributed on the suface of the 
MWCNTs. 

  

  

Fig. 2 TEM images of Pd3Ni3/MWCNTs4 catalyst: a, b bright field images 

under different magnifications; c, d HRTEM image; the inset in b gives 

the corresponding selected area electron diffraction pattern of the 
Pd3Ni3/MWCNTs4 catalyst 

Fig. S2(1) shows the XRD patterns of the HCS products of 

Mg95-(Pd3Ni3/MWCNTs4)5, Mg95-(Ni6/MWCNTs4)5, Mg95-

(Pd6/MWCNTs4)5 and Mg. The peaks of the HCS products 

mainly correspond to MgH2 and Mg. No distinct Pd or MWCNTs 

peaks were detected because of their low abundance. It is noticed 

that the addition of Pd can significantly increase the 

hydrogenation degree of Mg during the HCS process and there is 

hardly un-reacted Mg. The HCS+MM products are shown in Fig. 

S2(2), which indicates that the diffraction peaks of MgH2 and Mg 

are drastically weakened and broadened comparing with that of 

the HCS products due to grain refinement and lattice stress. 

Fig. 3 shows the hydriding curves of the HCS+MM products of 

Mg, Mg95-(Ni6/MWCNTs4)5, Mg95-(Pd6/MWCNTs4)5 and Mg95-

(Pd3Ni3/MWCNTs4)5 measured at different temperatures of 373 K, 

473 K, and 523 K (see Fig. S3, ESI†). As shown in the figure, the 

HCS+MM product Mg95-(Pd3Ni3/MWCNTs4)5 exhibits the best 

hydriding kinetics at low temperature of 373 K, and even requires 

only 100 s to reach its saturated hydrogen capacity of 6.44 wt.%. 

Similarly, Mg95-(Ni6/MWCNTs4)5 also shows fast hydrogen 

absorption rate under the same condition, absorbing 5.93 wt.% 

hydrogen within 100 s. However, for the Mg95-(Pd6/MWCNTs4)5 

and Mg systems, the samples can hardly absorb hydrogen at 373 K, 

suggesting that Pd has poorer catalytic effect on hydrogen absorption 

than Ni at 373 K. At 473 K, the rest of the samples show excellent 

hydriding kinetics except Mg. The hydrogen absorption capacity of 

Mg95-(Pd3Ni3/MWCNTs4)5 is increased to 6.79 wt.%. The hydrogen 

absorption capacities of all the samples are listed in Table S1, ESI†. 

Therefore, we can conclude that Ni plays an important role in 

absorbing hydrogen at low temperature (373 K) and Pd can further 

increase the hydrogen storage capacity.  
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Fig. 3 Hydriding curves of the HCS+MM products: S1 Mg95-

(Pd3Ni3/MWCNTs4)5, S2 Mg95-(Ni6/MWCNTs4)5, S3 Mg95-(Pd6/MWCNTs4)5 
and S4 Mg under the initial hydrogen pressure of 3.0 MPa at temperatures of 

(a) 373 and (b) 473 K, respectively.  

The dehydriding curves of the HCS+MM products of Mg, Mg95-

(Ni6/MWCNTs4)5, Mg95-(Pd6/MWCNTs4)5 and Mg95-(Pd3Ni3/ 

MWCNTs4)5 measured at different temperatures of 473 K (see Fig. 

S4, ESI†), 523 K, and 573 K are shown in Fig. 4. At 523 K, the  

Mg95-(Pd3Ni3/MWCNTs4)5 releases as high as 6.41 wt.% hydrogen 

within 1800 s, while Mg95-(Ni6/MWCNTs4)5 releases 3.84 wt.% 

hydrogen and Mg95-(Pd6/MWCNTs4)5 releases only 0.52 wt.% 

hydrogen. Furthermore, at 573 K, the hydrogen desorption capacity 

of Mg95-(Pd3Ni3/MWCNTs4)5 is increased to 6.70 wt.% within only 

400 s. The hydrogen desorption capacities of all samples are listed in 

Table S2, ESI†. This indicates that Pd is more effective for hydrogen 

desorption.  

In order to further study the dehydrogenation properties of the 

composites, Fig. S5 presents the amount of hydrogen desorbed as a 

function of temperature of the HCS+MM products. It can be seen 

that Mg95-(Pd3Ni3/MWCNTs4)5 exhibits the fastest dehydriding 

kinetics, and the dehydriding onset temperature (at which hydrogen 

begin to release) is about 420 K, which is 60 K lower than that of the 

Mg. Aminorroaya et al. reported that Mg-10 wt.% Ni alloy co-

catalysed with Nb and MWCNTs milled for 60 h shows excellent 

hydrogen storage properties, absorbing about 5.2 wt.% hydrogen 

within 100 s at 473 K under a hydrogen pressure of 2.0 MPa, with 

the dehydriding onset temperature approximately 493 K.10 The 

composite in this paper exhibits better hydrogen storage properties. 
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Fig. 4 Dehydriding curves of the HCS+MM products: S1 Mg95-(Pd3Ni3/ 

MWCNTs4)5, S2 Mg95-(Ni6/MWCNTs4)5, S3 Mg95-(Pd6/MWCNTs4)5 and S4 
Mg under 0.005 MPa hydrogen pressure at temperatures of (a) 523 and (b) 

573 K, respectively. 

Isothermal hydrogenation and dehydrogenation cycling kinetics of 

the HCS+MM-Mg95-(Pd3Ni3/MWCNTs4)5 composite have been 

measured for 10 cycles at 528 K to prove the cycling stability of the 

Pd3Ni3/MWCNTs4 catalyst. As shown in Fig. S6(a), the 

de/hydrogenation kinetics of the composite from the 1st to the 10th 

cycle remains almost the same. The absorbed hydrogen capacity 

only dwindles from 6.77 wt.% to 6.70 wt.% in Fig. S6(b), which 

C(002)

Pd(311) Ni (200)
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illustrates the excellent cycling stability of the Mg95-

(Pd3Ni3/MWCNTs4)5 system. 

The pressure–concentration-isotherms (PCIs) of the HCS+MM-

Mg95-(Pd3Ni3/MWCNTs4)5 composite measured at different 

temperatures of 533 K, 573 K, and 603 K are shown in Fig. S7. Each 

isotherm has only one hydrogen absorption/desorption plateau 

corresponding to hydrogenation/dehydrogenation of Mg. The 

reversible hydrogen capacity of this hydrogen storage system 

reaches as high as 7.05 wt.% corresponding to 97.2% of the 

theoretical value of 7.25 wt.%. The corresponding Van’t Hoff plot is 

shown in Fig. S8. The reaction enthalpy of the hydrogenation and 

dehydrogenation of Mg are calculated as -74.8 and +75.6 kJ mol-1 H2, 

respectively, which hardly change as compared to the as-received 

commercial Mg (76 kJ mol-1 H2). Therefore, the thermodynamic 

property of the composite isn’t improved. 

To understand the dehydrogenation mechanism, we use the JMA 

model to describe the desorption mechanism of the composite. The 

activation energy (EA) for dehydrogenation is determined by 

Arrhenius equation after fitting the experimental data. Fig. S9 

illustrates the JMA plots of ln[−ln(1−α)] vs ln(t) for the desorption 

data of HCS+MM-Mg95-(Pd3Ni3/MWCNTs4)5 composite at different 

temperatures. Fig. S10 shows the Arrhenius plots for the dehydriding 

kinetics of the composite. The activation energy (EA) for the 

dehydrogenation of the composite is calculated as 70.1 kJ mol-1 H2, 

which is much lower than that of the as-received commercial MgH2 

(153 kJ mol-1 H2).
11 

It is noteworthy that different components in the catalyst function 

differently in the catalytic effect for the Mg95-(Pd3Ni3/MWCNTs4)5 

composite system. Ni nanoparticles help to form intermetallic 

Mg2NiH4 during the HCS process as reaction (1), which is able to 

store up to 3.6wt% hydrogen, and catalyze efficiently 

hydrogenation/dehydrogenation of Mg.12 Fig. S11(1) presents XPS 

spectra of Ni 2p narrow scan spectra for the HCS+MM-Mg95-

(Pd3Ni3/MWCNTs4)5 composite in the dehydrogenated (a) and 

hydrogenated (b) states. We notice that the binding energies of Ni 

2p3/2 peaks are 852.5 eV (1.37×10-16 J) and 850 eV (1.36×10-16 J), 

respectively, corresponding to Mg2Ni and Mg2NiH4.
13 In order to 

further investigate the catalytic mechanism of Pd, the Pd 3d narrow 

scan spectra for the HCS+MM composite in the dehydrogenated and 

hydrogenated states are presented in Fig. S11(2). For the 

hydrogenated and dehydrogenated samples, the binding energies of 

Pd 3d5/2 peaks are 336.9 eV (5.40×10-17 J) and 336.1 eV (5.38×10-17 

J), respectively, corresponding to the alloy MgPd and Mg6Pd.14 

These values are shifted as compared with the binding energy of 

pure Pd.15 Therefore, during the HCS process, the intermetallic 

MgPd alloy was formed, and we speculate that MgPd might 

reversibly desorb/absorb hydrogen in three disproportionation 

reactions as (2)-(4) according to the previous reports: 16 

2 2 4
2 Mg Ni 2 H Mg Ni H+ + ⇒                                                       (1)

 

52 2 2 2MgPd 5MgH 0.5Mg Pd 3.5MgH 1.5H+ + +⇔                      (2)
 

5 2 2 3.65 2 20.5Mg Pd 3.5MgH Mg Pd 2.35MgH 1.15H+ ⇔ + +     (3)
 

3.65 2 6 2
Mg Pd 2.35 MgH Mg Pd 2.35 H+ +⇔                                    (4) 

The nano-sized Mg2NiH4, MgPd and some intermediate products 

release easily hydrogen or react with MgH2, which makes possible 

the hydrogen desorption at very low driving forces on the grain 

boundaries of Mg. Furthermore, because of the two-step preparation 

method, part of Pd may grow on the Ni surface to form metallic 

coupling of PdNi. This probably leads to the formation of a new 

intermetallic compound Mg6(Ni,Pd) in the composite, which exhibits 

reversible hydrogen storage at 473 K.17 It is reasonable to 

hypothesize that the coupling of PdNi must be more effective on 

hydrogen absorption and desorption of Mg than Pd or Ni when 

used individually. Meanwhile, this results in the generation of some 

new nucleation sites of Mg. MWCNTs also facilitates the atomic 

hydrogen diffusion from the grain boundaries to the catalysts. Thus, 

it is quite possible that the dehydrogenation process of MgH2 

becomes easier due to the lower energy needed in the above inferred 

catalytic process. However, the researching into the reason why the 

coupling of metals is better than the individuals is very limited and 

further theoretical investigations are expected. 

The microstructure of the milled Mg95-(Pd3Ni3/MWCNTs4)5 was 

investigated by FESEM. Fig. S12 presents the FESEM image with 

associated EDS maps for Mg, Ni and Pd. The sample exhibits 

uniformly-distributed particle size after milling for 10 h, and the 

average particle size is around 400 nm. The EDS mapping of Mg, Ni 

and Pd on the same area of the corresponding secondary electron 

image shows that Ni and Pd exist simultaneously and distribute 

uniformly, leading to a high catalytic efficiency. The composite in 

this paper exhibits prominent hydrogen storage properties, which are 

very favorable to the application of the Mg-based hydrogen storage 

materials. 
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