JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Metallic and Carbon Nanotube-Catalyzed
Coupling of Hydrogenation in Magnesium
Xiangdong Yao, Chengzhang Wu, Aijun Du, Jin Zou, Zhonghua
Zhu, Ping Wang, Huiming Cheng, Sean Smith, and Gaoging Lu
J. Am. Chem. Soc., 2007, 129 (50), 15650-15654 « DOI: 10.1021/ja0751431
Downloaded from http://pubs.acs.org on February 9, 2009

7 1
1 US DOE
64 | o _ :
1 ! 1EA
sgi 5= de = MgH, VTi-CNTsAE -
g
-
i
5"
= 2' MgH -FeTi
2 ] MgH,V
i MgH,-FeTi-CNTs
] MgH,-CNTs
0+ MgH, g
L M ' v Ll v T ¥ T o I
0.0 0.2 0.4 0.6 0.8 1.0

Hydrogenation rate, wt% per minute

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 1 articles that cite this article, as of the time of this article download
Access to high resolution figures
Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact.

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0751431

JIAICIS

ARTICLES

Published on Web 11/23/2007

Metallic and Carbon Nanotube-Catalyzed Coupling of
Hydrogenation in Magnesium

Xiangdong Yao,*t Chengzhang Wu,* Aijun Du,™8 Jin Zou,” Zhonghua Zhu,T
Ping Wang,* Huiming Cheng,* Sean Smith,™® and Gaoqing Lu*"

Contribution from the ARC Centre for Functional Nanomaterials, Australian Institute for
Bioengineering and Nanotechnology (AIBN), The dénsity of Queensland, QLD 4072,
Brisbane, Australia, Shenyang National Laboratory for Materials Science, Institute of Metals
Research, Shenyang 110015, Chi#@entre for Computational Molecular Science, The
University of Queensland, QLD 4072, Brisbane, Australia, 6entre for Microscopy and
Microanalysis, The Uniersity of Queensland, QLD 4072, Brisbane, Australia

Received July 31, 2007; E-mail: x.yao@minmet.ug.edu.au; maxlu@ug.edu.au

Abstract: Synergistic effect of metallic couple and carbon nanotubes on Mg results in an ultrafast kinetics
of hydrogenation that overcome a critical barrier of practical use of Mg as hydrogen storage materials. The
ultrafast kinetics is attributed to the metal—H atomic interaction at the Mg surface and in the bulk (energy
for bonding and releasing) and atomic hydrogen diffusion along the grain boundaries (aggregation of carbon
nanotubes) and inside the grains. Hence, a hydrogenation mechanism is presented.

Introduction materials, in particular carbon nanotubes, have been demon-
strated to have an excellent catalytic effect on hydrogen storage

A major challenge in realizing the hydrogen economy is the ;, Mg based alloys by enhancing the hydrogen diffusion in
development of efficient and safe storage materials for hydro- MgH,—C systems.

gen! Magnesium (Mg) and Mg-based alloys have been con-
sidered as promising materials that could achieve practical
hydrogen storage because of their low cost, high capacity, and
excellent reversibilit. However, there exists two critical

barriers to the practical utilization of these materials: the
operational temperature is too high, and the hydrogenation

Kinetics is Slovd T th barri i q fort nation kinetics at practically meaningful low temperatures.
INEACS IS Slow. 10 overcome nese barriers, remencous elors Notably, the effect is significantly enhanced in comparison with
have been devoted in the past decade to developing new,

. “ e the hydrogenation kinetics promoted by element&FBe TisP
strategies, such as nanostructu @]oylng, and th? use of alone. This indicates that the synergistic interaction among
_catalystéz Ithas been proven th_at hlgh-energ_y ball mllllng_ cou_ld metals and carbon nanotubes may be an effective strategy to
Increase hydrogenation kln_etlcs by reducing th?_ grain size, significantly lower the operating temperature and to increase
activating the surfacg and mtrodum_ng defectsdditionally, .. hydrogenation kinetics. Despite this progress, the hydrogenation
Mg can be alloyed with other metallic elements, such as Ni to

h the ab tion kineti Ibeit at th ¢ of i Ikinetics still falls short of the requirements for practical
enhance the absorption kinetics, albeit at the cost of a partia applications'©@ |t is therefore desirable to further explore and
reduction of gravimetric capacity. Transitional metals such

. . ~_ - develop the synergistic effects of CNTs with other metallic
as Fe, Ti, and V can also catalyze the hydrogen dissociation veiop ynergisti WI !

. L ... catalysts in order to achieve faster hydrogenation kinetics. It
process and thus enhance the hydrogenation kinetics signifi- Y ydrog

v at high t i 73 K)28 R " b has been shown that V and Ti are both individually effective in
cantly at high temperatures>6 )- ecently, carbon promoting the hydrogenation kinetics of Mg based alloys and

that V is in fact much more effective than either Fe or Ti

In our recent studie’¥,we have demonstrated that the catalytic
effects of combined transition metals such as Fe and Ti with
carbon nanotubes (CNTs) as mixed dopants lead to significant
acceleration of hydrogen dissociation and diffusion in nano-
structured magnesium, approaching the goal of rapid hydroge-
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Figure 1. Hydrogen absorption of catalyst-enhanced samples under a hydrogen pressure of 2 MPa.X{ayMgHCNT system at temperatures of 300,
200, and 150C. A comparison of VTi, FeTi, CNT, FeTi, and CNT incorporated Mg systems is also shown at 300 (b), 200 (c), &ad(dhdespectively.

alone®211For this reason, we anticipate that a combination of
V—Ti may prove to be more effective in enhancing the

indicating that the sample exhibits ultrafast hydrogen absorption
kinetics. It is also interesting to note that, after 5 min of hydrogen

hydrogenation kinetics at low temperatures. In this paper, we absorption, the hydrogen storage capacity of this sample reached

demonstrate a new MgHVTi—CNT system that exhibits

5.1 and 5.8 wt %, respectively at 150 and 280. This

ultrafast hydrogenation kinetics with a high capacity. A possible demonstrates that the synergistic effects of the transition metals
hydrogenation mechanism is proposed in terms of the synergisticVTi and CNTs dramatically increase the hydrogenation kinetics

catalytic effects of transition metals and CNTs, especially
highlighting the different roles of V as compared with the
previously studied case of Fe.

Experimental Procedures

All experiments and handling were carried out in a glovebox with
an argon atmosphere to prevent possible Mg oxidation. A Mg i —
CNT sample was prepared by first milling MgH5.0 wt % (V + Ti)
in 60 h, followed by adding 5 wt % CNTs with further milling for 10
h, in a Spex 8000 ball mill. The hydrogen storage capability of the

as well as its capacity, especially at a temperature as low as
150 °C, which is critically important for practical hydrogen
storage applications. The comparison in the hydrogenation
kinetics and capacity of the five samples (Figure-tipreveals
several phenomena as follows: (1) Transition metals signifi-
cantly enhance the hydrogenation kinetics but have little impact
on the maximum capacity. (2) The transition metals and CNTs
have synergistic effects on the hydrogenation. (3) Combinations
of transition metals are more efficient in enhancing the

resultant samples was measured by a custom-made automatic Sievertgydrogenaf[ion kinetics than the_ additive components individu-
apparatus. The measurements were carried out by first desorbing the@lly- (4) V is much more effective than Fe as a catalyst. And

hydrogen in an as-prepared sample at 360for 4 h under vacuum,

followed by absorption under three different temperatures (300, 200,

(5) the Mg—VTi—CNTs system exhibits superior properties in
both capacity and kinetics; most notably it shows extremely

and 150°C, respectively) under a hydrogen pressure of 2 MPa. The fast kinetics at a practically significant low temperature of

energetic profile is calculated @b initio Density Functional Theory
(DFT) method.

Results and Discussion

Hydrogen Absorption. Figure 1 shows the hydrogen absorp-
tion kinetic curves measured for the MgHVTi—CNT sample
(Figure 1a) and their comparisons with MENTs, Mg—VTi,
Mg—FeTi, and Mg-FeTi—CNTs (Figure 1b-d) at absorption
temperatures of 300, 200, and 1%0. As can be seen from
Figure 1a, the MgVTi—CNT sample can absorb 4.2 and 5.0
wt % hydrogen in only 30 s at 150 and 200, respectively,

(11) (a) Rivoirard, S.; de Rango, P.; Fruchart, D.; Charbonnier, J.; Vempaire,
D. J. Alloys Compd2003 356—357, 622. (b) Charbonnier, J.; de Rango,
P.; Fruchart, D.; Miraglia, S.; Pontonnier, L.; Rivoirard, S.; Skryabina, N.;
Vulliet, P. J. Alloys Compd2004 383 205.

150°C.

Activation Energy. To further study the hydrogenation
kinetics, the activation energyEf) for hydrogenation was
determined. Figure 2 shows the Arrhenius-type plots for the
above five samples, together with MgH5%V (milled for 100
h)!t and MgH (milled for 10 h) samples for comparison, where
k is the hydrogenation kinetic rate derived from the measured
kinetic curves (tangent of the curves in Figure 1). The values
of Ea for these samples are given in Table 1, which clearly
shows the following: (1) All additives milled with Mg increased
the hydrogenation kinetics (reduciig). (2) CNTs enhanced
the kinetics of Mg Ea reduced from 109 to 75.6 kJ/mol) but
did not have any effect on the kinetics of the MgTi system
(sameEa) and in fact slowed the kinetics of the MdreTi
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-1 Density Functional Theory (DFT) calculations which show that

l transition metallic catalysts can change the reaction (minimum
29 - energy) pathway for the hydrogen dissociation and in some cases
_3_' eliminate the energy barrier altogetiét.When molecular
] hydrogen approaches Mg atoms on a clean Mg surface, the
= -4 energy barrier for dissociation is 1.15 eV, requiring00 °C
- for sufficient dissociation to be detectaBfé.The calculated
51 activation energies for molecular hydrogen dissociation on V
-s- and Ti atoms are quite small, 0.201 and 0.103 eV, respectively
] (as seen in the Supporting Information), making the dissociation
74 of hydrogen with V and Ti practical at a very low temperature.
— ——— ——— ——— 1 Although we have not performed DFT calculations on the effect
718 19 20 21 22 23 24 of Fe due to the complexity of the electronic structure and
1000/T, K1 magnetic properties, Fe should play a similar role in hydrogen
Figure 2. Arrhenius plots of the absorption rate for the samples: (a) dissociation based on molecular orbital thebtinvestigations
MgHz—VTi milling 60 h + CNTs milling 10 h; (b) MgH—VTi milling 60 by Song et aléd and experimental evidence, e.g., shows that
h; () MgH,—FeTi milling 60 h; (d) MgH—V milling 100 hi** (e) Mgk~ MgH,—FeTi—CNTs can absorb a large amount of hydrogen at

FeTi milling 60 h+ CNTs; (f) MgH, + CNTs milling 10 h; and MgH

milling 10 h; respectively. temperatures as low as 10Q.1%2

We now consider the second step, in which CNTs appear to
play a key role for hydrogen boundary diffusion. It has been
proven experimentally that there exist some residual CNTs with
activation activation their specific tubular structure besides the amorphous carbon

Table 1. Activation Energy for Hydrogenation of Different Systems

ystem (mo) et o) produced after 10 h of ball milling with M&® Unlike the atomic
- - C produced during the milling process, which can enter the Mg
mg:z:ﬁ: ~CNTs 1100_;11 ,\',\Iﬂgg,_%ig:_cms gf:g crystal structuré?vthe tubular CNTs are most likely aggregated
MgH>—V 39.3 MgH,—CNTs 75.6 along the grain boundaries inside the Mg particles. Under the
MgH> 109 milling conditions we conducted our experiments, a typical Mg

particle size in diameter is about 560000 nm that may contain
thousands of grains 260 nm in sizet® Given this physical
constitution, the grains in the center of the particle may be
effectively inaccessible insofar as hydrogen diffusion is con-
cerned, particularly at lower temperatures as the outer regions
of the particles and the grain boundaries become saturated in a
hydride-like structure. This appears to be the main reason why
hydrogen absorption profiles usually plateau short of the
theoretical (stoichiometric) capacity. When residual CNTs with
a tubular structure are present at grain boundaries, however,
hydrogen diffusion along the grain boundaries may be signifi-
cantly enhanced, facilitating access to the inner Mg grains even

reasons underlying these phenomena, we propose the hydrofat ?, :OW temperattur%.] Ln dthls wayt, morte fgralnﬁ \éw.tgm ;[L]e
genation mechanism as follows based on the evidence availablParticles Cat?] rer;acd With iy rog(_etn atoms to form hydrides thus
to date both from theoretical calculatidhsind experimental Increasing the hydrogen capacity.

observationd? The hydrogenation process can be divided into 1 n€ third step involves hydrogemetal interactions to form
three key steps: catalyst-H bonds, e.g., Vi TiH,, and MgFeHg,8411.14 and

(1) dissociation of hydrogen molecules on the Mg surface; hydrogen diffusion within the individual grains. The stability

(2) atomic hydrogen diffusion along the grain boundaries: of these transit_ion meta_ll hydrides is a key factor influencir_lg
(3) atomic interaction of metallic catalyst and H atoms and the hydrogenation kinetics. It has been reported that both TiH
H release and MgFeHg are very stable and not easily desorbed. For
) i or15 16
In the first step, the hydrogen dissociation necessitates ©*@mPple, high temperatures o880 °C™ and above 500C™
overcoming an energy barrier. The barrier for molecular are required for the .decomposmon of such hydrldes of ;TiH
hydrogen dissociation without any substrates is extremely large, 214 MgFeHs, respectively. Although the desorption terr%liperature
4.52 eV, indicating the dissociation is impossible under normal could be somewhat lowered in the presence of Mg atoitre

conditions!® However, according to the molecular orbital theory requisite temperature Is S,t'” high (between 200 and Kopl_n
the energy barrier decreases with a decrease in energy of théhe presence ‘?f Fe aqd Ti togetﬁ@?.'l'he strength of the Tibt )
valence orbitals, and the orbitals become more contracted Whenand MgFeHs interaction most likely can cause the atomic
a metal atom is preseftWe have recently performeab initio

system Ea increased from 21.0 to 65.5 kJ/mol). (3) The
combination of FeTi was more efficient than V alorig (21.0
compared with 39.3 kJ/mol), although V has been reported to
be more effective than either Fe or Ti individua#y®11 The
combination of VTi is however much betteE4 10.4 kJ/mol).
The high-resolution transmission electron microscopy (HRTEM)
image in Figure 2S (Supporting Information) clearly shows that
the structure and grain size of the investigated MgMTi—
CNT sample are similar to those of the previously studied
MgH,—FeTi—CNT sample.

Hydrogenation Mechanism.To gain further insight into the

(14) Song, Y.; Guo, Z. X.; Yang, RVater. Sci. Eng. 2004 365 73.

(15) Bhosle, V.; Baburaj, E. G.; Miranova, M.; Salama,Mater. Sci. Eng. A
(12) (a) Du, A. J.; Smith, S. C.; Yao, X.; Lu, G. Q. Phys. Chem. R005 2003 356, 190.
109 18037. (b) Du, A. J.; Smith, S. C.; Yao, X.; Lu, G. @.Phys. Chem. (16) Herrich, M.; Ismail, N.; Lyubina, J.; Handstein, A.; Pratt, A.; Gutfleisch,
B 2006 110, 1814. (c) Du, A. J.; Smith, S. C.; Yao, X.; Lu, G. @.Am. O. Mater. Sci. Eng. B2004 108, 28.
Chem. Soc2007, 129, 10201. (17) Tsuda, M.; Dino, W. A.; Kasai, H.; Nakanishi, Appl. Phys. Lett2005
(13) Grochala, W.; Edwards, P. Bhem. Re. 2004 104, 1283. 86, 213109.
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hydrogen to “stick” on the distributed Ti in the Mg matrix and, 7
hence, presents a hurdle to the subsequent diffusion into the
grain, slowing the overall hydrogenation kinetics. The catalytic
roles of Ti and/or Fe appear therefore to involve facilitating
the dissociation of molecular hydrogen at the particle surface,
but not necessarily the diffusion into the grains.

The situation is, however, quite different when V is present.
Although V displays a high affinity for hydride formatidab-18
V hydrides may also be decomposed very easily. The reaction
(VH2, — V + 2H) has been reported to occur at 35! and 11
this process could be further enhanced in the presence of Mg 0
atoms!’ It is reported that the energy barrier for H desorption . . . . . .
from a free V surface is only 0.04 eV.Subsequently, the 0.0 0.2 0.4 0.6 0.8 1.0
atomic hydrogen transfers to Mg atoms, forming Mgtiound Hydrogenation rate, wt% per minute
the V site. V can be regarded as an “atomic hydrogen pump”, Figure 3. Comparison in maximum capacity and average kinetics in 5
which facilitates atomic hydrogen transportation. The-Mg min of hydrogenation for Mg-based nanocomposites at 150
system shows excellent kinetics at a relevant low temperéture.
V not only serves as an effective catalyst for hydrogen !
dissociation (step one above) but also facilitates the atomic |
hydrogen diffusion in the Mgkmatrix (step three), providing 5] i
very fast hydrogenation kinetics even at low temperatures.
Hence, the process of hydrogen dissociation is unlikely to be a
rate-limiting process in the presence of V.

The possible reason that a combination of V (Fe) and Ti is
more effective for hydrogenation than V or Fe itself deserves
some further thought. Although Ti will tend to hold H bound,

Capacity, wt%

MgH -FeTi-CNTs

MgH,-CNTs
MgH

z

H desorption, wt%
+
L3 L , .
0 "
S,
4
i

—=— MgHy-5% VTi

impeding the subsequent hydrogen diffusion, Ti atoms can enter 1 o MgHy-5% Fe._ri'S% CNTs

the Mg lattice structure during high-energy milli3gas they 17 4 MgH2-5% VTi-5% CNTs
have a similar atomic size, resulting in deformation of the Mg 0 '

structure?C It is possible that this deformation may result in the 0 200 400 600 800 1000
presence of some vacancies that are favorable for atomic Time, s

hydrogen diffusion compared with the undeformed Mg structure. Figure 4. Hydrogen desorption kinetic curves of MgHVTi—CNTSs,
In light of the above discussions of catalytic mechanisms, it MgH,—FeTi~CNTs and MgH—VTi systems at 300C.
is not surprising that the MgiH+VTi—CNT system displays

much faster kinetics compared with the MgH-eTi—CNTs ) o )
system as found in this work. With an analysis of the first- desorption kinetics and that CNTs also enhanced the desorption

order kinetic curve presented in Figure 1, the hydrogenation Of hydrogen from Mg. The reasons for this are related to the
rate for the MgH—VTi—CNT sample at 150°C can be hydrogenation mechanism discussed above:

estimated to be 8.4 4% H per min, which is~40 times than (1) The release of hydrogen atoms from V atoms is much
that (0.21 w % H per min) for MgH—FeTi~CNTs. The easier because of the much lower energy batfighe desorp-
comparison of different systems and the U.S. Department of tion of hydrogen is reverse to the absorption: the hydrogen
Energy (DOE) and International Energy Agent (IEA) targets is atoms combined with V on the Mg surface (in the form of.yH
plotted in Figure 3, which clearly shows that MgHvTi—CNTs  first dissociated (V= V + xH) and released. The hydrogen
has the largest capacity (5.1 wt %) and fastest kinetics (averagedradient subsequently forced the atomic hydrogen transfer from

1.0 wt % per min in 5 min) at a low temperature of 150, MH; to V.
indicating that the IEA benchmark for hydrogen absorption is ~ (2) Thus, CNTs enhanced the desportion kinetics as they
attainable. facilitated the atomic hydrogen diffusion both inside the Mg

Hydrogen Desorption. Hydrogen desorption kinetics data  9rains (with sublayer C ator##$) and along the grain boundaries
were investigated for MgtV Ti—CNTs, Mghb—FeTi—CNTs, (with aggregation of residual CN1%). _
and Mgh—VTi systems. The desorption profiles are plotted ~ However, it should also be noted that the desportion tem-
in Figure 4. It is apparent that the MgHVTi—CNT sample perature is still relatively high, which hinders the practical
displays very good desorption kinetics, desorbing 6 wt % applications of Mg-based hydrogen storage materials. Reducing
hydrogen (almost all the hydrogen absorbed in this system) the desportion temperature is a critical challenge as the energy
within 10 min at 300°C. Compared with the other two samples, barrier for hydrogen desorption from MgHs very high?!
MgH,—FeTi—CNT and MgH—VTi, it can be seen that the  Strategies to modify the thermodynamics of Mg-based materials

pairing of VTi is more effective than FeTi for enhancing the to reduce the desorption energy barrier are clearly to be
important topics for further researéh.

(18) Reilly, J. J.; Wiswall, R. HIinorg. Chem 197Q 9, 1678.

(19) Takagi, |.; Sugihara, T.; Sasaki, T.; Moritani, K.; Moriyama,JHAlloys (21) Du, A. J.; Smith, S. C.; Yao, X.; Lu, G. Gurf. Sci 2006 600, 1854.
Compd.2004 329-333, 434. (22) Alapati, S. V.; Johnson, J. K.; Sholl, D.Bhys. Chem. Chem. PhyX07,
(20) Liang, G.; Schulz, RJ. Mater. Sci.2003 38, 1179. 9, 1438.
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Conclusions transitional metals V and Ti, with CNT. The VTi couple and
CNT are also found to be effective to enhance the hydrogen

In conclusion, we demonstrated that transition metals sig- )
desportion from Mgh.

nificantly enhance the hydrogen kinetics while CNTs remarkably
increase the capacity. V is much more effective than Fe or Ti  Acknowledgment. The authors greatly appreciate the finan-
in enhancing the absorption kinetics; however the combination cial support by Australian Research Council.

of two metals proves to be more efficient than a single metal

catalyst. A new Mgh—VTi—CNT system was shown to have Supporting Information Available: Energy profiles for

: . . . hydrogen dissociation at Mg(0001) surface and HRTEM image
ultrafast hydrogenation kinetics and a very large capacity, which of MgH,—VTi —CNT. This material is available free of charge

is very promising for hydrogen storage applications. A plausible . )
hydrogenation mechanism has been proposed which can explairYIa the Intemet at http://pubs.acs.org.

the important phenomenon of coupled catalytic effects of JA0751431
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