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Synthesis of Mg,Cu nanoparticles on carbon supports
with enhanced hydrogen sorption kineticst

Yuen S. Au,® Marine Ponthieu,? Rien van Zwienen,? Claudia Zlotea,® Fermin Cuevas,®
Krijn P. de Jong® and Petra E. de Jongh™*?

The reaction kinetics and reversibility for hydrogen sorption were investigated for supported Mg,Cu
nanoparticles on carbon. A new preparation method is proposed to synthesize the supported alloy
nanoparticles. The motivation of using a support is to separate the nanoparticles to prevent sintering at
elevated temperatures. Supported nanocrystallites with an average size of 20 nm were obtained on
porous graphite and larger particles (~300 nm) on non-porous graphite by first deposition of metallic
Cu species, using solution impregnation, followed by addition of molten Mg and hydrogenation. The
temperature for hydrogen release of the 20 nm particles was much lower (~150 °C) than the micron-
sized material, and the reaction was reversible with the same improved kinetic performance after
several hydrogen sorption cycles. The 20 nm Mg,Cu crystallites had a lower activation energy for the
hydrogen desorption reaction compared to the bulk material (97 (+£9) and 128 (+6) kJ mol™"
respectively). A desorption enthalpy of 66 (+3) kJ mol~" and an entropy value of 126 (+10) J mol K"
were found for this system. The use of a porous carbon support was beneficial for obtaining Mg,Cu
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Introduction

The decrease in our fossil fuel reserves has led to an increasing
interest in producing energy from renewable sources. Hydrogen
is a promising candidate to act as a sustainable energy carrier in
the future. But to allow usage of hydrogen as an energy carrier,
an efficient and safe way for storage is required. Hydrogen
storage in a solid could be a solution.

Magnesium is a promising material for hydrogen storage
and has been widely studied because of its light weight and
natural abundance. It can store hydrogen directly, forming
MgH,, which contains 7.7 wt% of hydrogen. However, it suffers
from slow hydrogen sorption kinetics and has a high thermo-
dynamic stability, since the equilibrium temperature for the
hydrogen sorption reaction is around 300 °C for 1 bar of H,
pressure. Many investigations have been conducted on Mg as a
potential hydrogen storage material to improve the reaction
kinetics and to change the thermodynamic stability in order to
shift the reaction equilibrium to ambient conditions.*?

One way to improve the kinetics of the hydrogen sorption
reaction is to add a catalyst. Doping small amounts of other
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nanoparticles, which improved the hydrogen sorption kinetics.

metals such as Ti, V, Mn, Fe and Ni has led to enhanced
hydrogen sorption kinetics and lowered the activation energy
for hydrogen desorption of MgH,.* Also, the addition of small
amounts of metal oxides like Nb,Os resulted in improved
kinetic performance.* Another method to alter the hydrogen
storage properties of Mg is to form intermetallics. For example,
Mg-Ni or Mg-Al forms stable intermetallics.>® Some of these
intermetallic compositions can form ternary hydrides upon
hydrogenation like the well known Mg,NiH,. Moser et al. were
able to synthesize ternary hydrides with Ti, Zr, Hf, V, Nb and
Ta.” The enthalpy of formation for these ternary hydrides is
usually less negative than pure MgH,, so that hydrogen can be
released at lower temperatures for these systems.

Another way to improve hydrogen sorption properties is by
nanosizing the material. In general, reducing the particle or
crystallite size improves the access for H, to enter the lattice by
the increased surface area to volume ratio. Also, the diffusion
distance for hydrogen molecules through the crystal lattice is
decreased. Mechanical alloying, arc-discharge and colloid
synthesis have been used to prepare nanostructured Mg based
intermetallics and altered kinetic behavior for hydrogen sorp-
tion was reported.*** An important issue is sintering of the
nanostructures at high temperatures, which will diminish the
benefits obtained.” The formation of large particles is ener-
getically favorable due to their lower specific surface area
compared to small particles. A microscopy study by Beattie et al.
has shown that small Mg particles formed an agglomerated
network after heating to 400 °C."®
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To prevent sintering, one can disperse the metal particles
over a support material. The support material should be inert to
prevent a reaction between the support and the deposited metal
species. Most hydrogen storage materials are susceptible to
oxidation and form stable oxides, which is an irreversible
reaction. Mg is no exception, thus any material containing
oxygen species is not suitable. This narrows the choice down to
carbon support materials. Carbon is inert towards most metal
compositions and depending on the morphology of the carbon
material, particle sizes can be controlled during the synthesis
process. Quite a number of hydrogen storage systems supported
or embedded in carbon have already been studied.””™ Earlier
work in our group showed that we were able to synthesize
nanosized Mg-Ni composites by using a carbon support.>® We
obtained a mixture of nanostructured Mg,NiH, and Ni cata-
lyzed nano-MgH, particles and improved hydrogen desorption
properties were observed.

The aim of the work described was to modify the hydrogen
sorption properties of MgH, by investigating the possibility of
synthesizing supported Mg,Cu nanoparticles on carbon. Next to
the challenge of obtaining a pure phase of supported alloy
nanoparticles, this model system could also demonstrate the
synergetic effect of supported nanoparticles and the addition of
a transition metal to change the thermodynamic equilibrium.
So far, no ternary hydride of the Mg-Cu system has been
reported in the literature. The role of Cu is to substitute H, in
MgH, to form the stable Mg,Cu compound, leading to a lower
desorption enthalpy compared to pure MgH,. Reilly and Wis-
wall** were one of the first to investigate the hydrogen sorption
properties of the bulk Mg,Cu intermetallic system. They found
that this system can reversibly store up to 2.6 wt% of hydrogen
following the reaction:

2Mg2Cu + 3H2 « 3MgH2 + MgCu2 (1)

They also reported that the enthalpy for the hydrogen
desorption reaction is approximately 5.9 k] mol ' lower
compared to the pure MgH, system. Next to diffusion of hydrogen
through the material as in pure MgH,, this reaction also requires
solid state diffusion of Mg to go from the Mg-poor to the Mg-rich
state of the alloy and vice versa. Solid-state diffusion is slow and
requires thermal activation. Nanosizing this intermetallic system
could improve the reaction kinetics by shortening the diffusion
distance of the Mg atoms to perform reaction (1).

Bulk Mg,Cu can be crystallized from a melt with the correct
stoichiometric Mg : Cu ratio as indicated by the phase diagram
of the Mg-Cu system in Fig. 1.>> However, it is not trivial to
prepare nanoparticles from a melt due to the high vapor pres-
sure of Mg and possible demixing of the alloy phase. Our
alternative synthesis strategy is to use a support material to
obtain small and well dispersed alloy particles. In this way the
particles are prevented from sintering at elevated temperatures.
A method to deposit small metallic Cu particles on a support
material is to use solution impregnation techniques, which are
widely applied in catalyst preparation.>*>*

The addition of Mg is not as straightforward as Cu. Mg easily
reacts irreversibly with other species, such as oxygen, to form
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Fig. 1 Phase diagram of the Mg-Cu system.

stable compounds, thereby greatly limiting the choice for suit-
able precursors to perform a second impregnation or co-
impregnation with a suitable solvent. On the other hand, we
have developed a method to disperse Mg nanoparticles over
carbon with a melting process.” Therefore, we synthesized
Mg,Cu in two steps by first depositing small Cu particles on the
support followed by a melting process, where molten Mg reacts
with the supported Cu particles. We will show the characteris-
tics of the obtained intermetallic compositions on two different
carbon supports. Different particle sizes were obtained and they
showed different kinetic behavior for hydrogen desorption.

Experimental
Sample preparation

The first step in preparing Mg,Cu on carbon was to perform
incipient-wetness impregnation to deposit small Cu particles
on the carbon support. An aqueous solution of 2.5 M
Cu(NO3),-3H,0 (Sigma-Aldrich) was used. The solution was
acidified to a pH of 1 with nitric acid to prevent the precipitation
of basic nitrates during the impregnation procedure. Two
different carbon supports were used. One was a porous carbon
material (Timcal High Surface Area Graphite (HSAG)) with a
surface area of 500 m”> g~ and with a total pore volume of 0.66
cm® g~ The other was a non-porous graphite material (Timcal
KS-6) with a surface area of 21 m> g~ '. The carbons were
degassed at 600 °C overnight in an Ar atmosphere to remove all
traces of moisture.

The dry carbons (1 g) were impregnated with 0.66 ml of the
Cu(NO3), solution under an Ar atmosphere, followed by drying
in vacuum at room temperature overnight. For decomposition
of the precursor and reduction to obtain metallic Cu particles,
the sample was heated to 230 °C with a temperature ramp of
1 °C min ' and a dwell time of 30 min under a 20% H, in Ar
gasflow of 300 ml min~". All further sample handling for the
next synthesis steps was performed in an Ar-glove box (MBraun
Labmaster) and excluded from contact with air.

The next step was to perform the melting of Mg with the
presence of the Cu-C materials following a procedure as
described in the literature.>® MgH, (Alfa Aesar 98%) was used as
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a precursor. The Cu-C composite (1.0 g) was mixed with MgH,
(85 mg) and ground in a mortar. The molar ratio of Mg : Cu was
2.25:1, which is slightly higher than the stoichiometric
amount of Mg,Cu. An excess of Mg was used to avoid the
formation of MgCu,.”” The final composites consist of 15 wt%
Mg,Cu on carbon. A reference sample containing 10 wt% MgH,
on porous carbon (Timcal High Surface Area Graphite) was
prepared with the same procedure. Hydrogenation of the
samples was performed in high pressure autoclaves (Parr) at
300 °C and H, pressures around 80 bars for 12 hours. The
hydrogenated samples are designated as Mg,Cu(H).

Bulk Mg,Cu was synthesized by induction melting. A Cu-
plate (Chempur 99.99%) was wrapped around a Mg-rod
(Chempur 99.9%) and placed in a Ta-foil crucible. The exact
molar ratio of 2 : 1 was used for Mg and Cu respectively. The
sample was placed in a sealed quartz tube and brought into the
coil of the induction furnace. The quartz tube with the sample
was evacuated and refilled with Ar before the current of the
induction furnace was slowly increased until a molten mixture
was observed. The molten metal mixture was kept under the
same current for 30 min followed by cooling to room temper-
ature. After the reaction was completed, the alloy was heated
under Ar in a tubular resistance furnace at 470 °C for 1 day to
ensure chemical homogeneity. Lastly, the sample was powdered
in a mortar and sieved to obtain particles smaller than 10
microns. This sample was used for reference purposes either in
a bare state or physically mixed (15 wt%) with porous carbon.

Structural characterization

The crystalline phases of the samples were analyzed with X-ray
diffraction (XRD) (Bruker D8 equipped with VANTEC-1 detector
and using Co Ka, , radiation in an airtight sample holder). Data
were collected from 20° to 105° 26 with a step size of 0.1° with an
acquisition time of 2 s per step. The data were refined by using
the Rietica program.>®

N,-physisorption (Micromeritics TriStar 3000) was per-
formed at 77 K for porosity analysis. Barrett-Joyner-Halenda
(BJH) analysis on the adsorption isotherms, using a carbon
black reference for the thickness equation, provided informa-
tion on the pore-size distribution of the meso-pores. The total
pore volume was obtained at P/P, = 0.997. Leaching of the
Mg-Cu from the nanocomposite was done in a diluted nitric
acid solution (pH ~ 2.5) and stirred overnight, followed by
filtration and washing with demineralized water until the pH
was neutral. This sample was dried under He at 200 °C
before measurement. The other samples were prepared in a
capped quartz sample tube in the glovebox and were directly
measured.

A Scanning Electron Microscope (SEM) (Philips XL30S FEG
equipped with embedded energy-dispersive X-ray spectroscopy
(EDX) and low kilovolt backscatter detectors) was used to obtain
micrographs from back-scattered electrons (BSE). The samples
were prepared in air by spreading a thin powder layer on sticky
carbon. For Transmission Electron Microscopy (TEM), a part of
the sample was stored in air and a small amount of the sample
was put on a 200 mesh Ni grid coated with a carbon polymer
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film. The microscope images were taken with an FEI Tecnai 20F
(equipped with a Field Emission Gun) and operated at 200 kV in
bright field mode.

Hydrogen sorption measurements

Temperature Programmed Desorption (TPD) (Micromeritics
AutoChem II 2920) measurements were performed to obtain
kinetic data on hydrogen release. Approximately 100 mg of
sample was taken for each measurement. The experiments were
carried out in an Ar-flow of 25 ml min~" with a temperature
ramp of 5 °C min~ " and dwelled at 450 °C for 20 min. To allow
Kissinger analysis, the temperature ramps were varied from 1 °C
min~', 2 °C min~*, 5 °C min~" to 10 °C min .

Cycling performance of the material was tested gravimetri-
cally after activation with a magnetic suspension balance
(Rubotherm). Desorption was measured under 1.3 bars of H,
with a temperature ramp of 1 °C min~" up to 380 °C and
absorption at 300 °C under 50 bars of H, for 5 hours. Activation
of the material was performed ex situ in an autoclave. Absorp-
tion occurred at 325 °C and 50 bar H, pressure for 10 h and
desorption was performed in a vacuum for 2 h at the same
temperature.

H, desorption isotherms were also measured volumetrically
by using Sieverts' method (Setaram PCT PRO-2000). The sample
was placed in a steel holder, which was covered with graphite
foil (PAPYEX®) on the inside to prevent side reactions at
temperatures above 350 °C (ESI, Fig. 1f). The hydrogen
desorption measurements were performed at 250 °C, 300 °C,
325 °C and 350 °C with pressure steps of 2 bar H,. Two
boundary conditions were set for obtaining an equilibrium: a
minimum kinetic rate of 1 x 10™* wt% (H,) min~" and a time
limit of 150 min. Rehydrogenation was performed in situ at
300 °C and 50 bars of H, for 12 hours.

Results and discussion
Structural characterization of the Cu-C composites

The X-ray diffraction patterns show only C and Cu diffraction
lines for both the porous (Fig. 2(a)) and non-porous carbon
supports (ESI, Fig. 2t) after Cu impregnation and reduction.
Profile fitting with Rietveld refinement confirms that only
metallic Cu (Fm3m) on graphitic carbon (P6s/mmc) was present
as a crystalline phase. The average crystallite size of Cu on
porous carbon was 10 nm, which was calculated from the line
width at half maximum of all the Cu diffraction lines. A larger
average crystallite size of 30 nm for Cu on non-porous carbon
was calculated from its diffraction pattern.

SEM with backscattered electrons shows the difference
between the Cu particle sizes obtained on the porous and non-
porous supports (Fig. 3(a) and (b)). The obtained Cu particles
were much smaller on porous carbon and the distribution of the
particles was quite homogeneous over the porous carbon
support. This probably prevented the growth of the Cu particles
during the reduction step. So, using High Surface Area Graphite
was better for obtaining small Cu particles with a uniform
distribution.
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Fig. 2 XRD patterns obtained after Cu impregnation on porous carbon (a), melt infiltration (b), hydrogenation (c) and dehydrogenation (d). A selected region is
enlarged for clarity (right frame). The strongest lines belonging to C(*), Cu(+), MgH(#), Mg,Cu (-) and MgCu,("’) are indicated. (|) Underneath the patterns represents

the position of all the reflections for Mg,Cu (b and d) and MgCus, (c).

Fig. 3 SEM-images from back-scattered electrons of: (a) Cu on porous carbon and (b) Cu on non-porous carbon.

Fig. 4 shows the obtained N,-physisorption isotherms and the
derived pore size distribution of the porous carbon support. The
shape of the nitrogen sorption isotherm (Fig. 4a and b) did not
change after the deposition of Cu, so the structure of the pores
did not change; however, a gradual decrease of the porosity was
observed. The decrease in pore volume is observed mainly in the
2-20 nm region (Table 1). This suggests that some Cu particles
might occupy these pores. However, the pore volume loss is
larger than expected. To verify whether the pore structure was
changed, the metals were leached from the carbon in an acidic
solution and the sample was re-measured (Fig. 4(d)). The total
pore volume was recovered after this treatment, so no severe
damage to the carbon structure has occurred. The extra loss in
pore volume might be caused by blockage of the pores by the Cu
particles. Clearly, these observations again stress that porous
carbon is better for obtaining small Cu particles compared to
non-porous carbon, because porous carbon was able to prevent
agglomeration of the Cu particles during the drying and reduc-
tion step by providing a larger surface area and partial entrap-
ment of the Cu particles inside its pores.

9986 | J. Mater. Chem. A, 2013, 1, 9983-9991

Structural characterization of the Mg,Cu-C composites

XRD was performed again after the reaction with Mg to analyze
new crystalline phases. The diffraction pattern (Fig. 2b) fitted
well with the structure models of Mg,Cu (Fddd) and graphitic
carbon (P6;/mmc) using Rietveld refinement.”” Calculation from
the line width of the 5 strongest diffraction lines of the Mg,Cu
phase yielded average Mg,Cu crystallites of 20 nm on the porous
carbon material, while much larger Mg,Cu crystallites were
present on non-porous carbon graphite. The excess of Mg
successfully prevented the formation of MgCu,, but no addi-
tional Mg diffraction lines were observed. The absence of these
diffraction lines could be due to evaporation of Mg, which has a
high vapor pressure, during the melting reaction. Alternatively,
very small Mg particles might have formed within the carbon
pores, which could not be detected by XRD.

The electron microscope images of different Mg,Cu
composites are shown in Fig. 5. The TEM image in Fig. 5(a)
visualizes Mg,Cu on porous carbon. The dark spheres represent
the Mg,Cu alloy and carbon is observed as a plate like structure

This journal is © The Royal Society of Chemistry 2013
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metal species.

Table 1 Calculated values for the Brunauer—-Emmet-Teller (BET) surface area
(Sgetr), meso-pore volume (V5 50 nm), single point total pore volume (Vioa) and
expected total pore volume loss (Vey) of HSAG-500 assuming all metals are inside
the pores

SBET V2720 nm Vtotal Vex
Sample (m*g™)  (em’g™)  (em’g)  (em’g)
(a) HSAG-500 499 0.24 0.66 —
(b) Cu-C 467 0.19 0.56 0.02
(c) Mg,Cu-C 291 0.14 0.51 0.05
(d) C leached 470 0.23 0.71 —

in grey. The size of the dark spheres varies from 10 nm to 50 nm,
but most particles had a size close to 25 nm. Larger Mg,Cu
particles were observed in the SEM-image for the sample
prepared on non-porous carbon Fig. 5(b). The image from back-
scattered electrons shows the spherical alloy particles in white.
The graphite plates are visible in dark grey. The particles varied
in size between 100 nm and 500 nm. The majority of the
particles was 300 nm in size. The SEM image of the sieved
fraction of bulk Mg,Cu, which was physically mixed with porous
carbon, is shown in Fig. 5(c). Most crystals have a size up to a
few micrometers. The histogram of the particle size distribution
of Mg,Cu on porous and non-porous carbon is shown in
Fig. 5(d). In summary, samples with a different size range were
obtained.

N,-physisorption of Mg,Cu on porous carbon (Fig. 4c) shows a
further decrease in pore volume compared to Cu on porous
carbon, which was approximately the expected loss due to
addition of Mg (Table 1). BJH analysis of the pore size distribu-
tion shows a gradual decrease of the pore volume in the region
between 2 and 20 nm and follows the same trend as the previous
measurement on the Cu-C composite (Fig. 4b). Therefore, Mg
successfully reacted with the small Cu particles to form nano-
sized alloy particles. In contrast, large alloy crystals were formed
on non-porous carbon due to agglomeration during the reaction.
The crystal growth on porous carbon was surprisingly limited.

The XRD pattern in Fig. 2(c) shows the obtained crystalline
phases after hydrogenation. New peaks have appeared, which

This journal is © The Royal Society of Chemistry 2013

corresponds to crystalline MgH, (P4,/mnm) and MgCu,
(Fd3m).*® The peaks around 50° and 52° show the trans-
formation of the Mg,Cu to the MgCu, lattice and two new
strong diffraction lines around 32° and 42° are from the MgH,
phase. XRD after dehydrogenation yielded the pattern in
Fig. 2(d), which is identical to the pattern obtained after
synthesis of the alloy (Fig. 2(b)). Similar results were observed
for the samples synthesized on non-porous carbon, where the
observed diffraction lines were sharper compared to the
samples on porous carbon (ESI, Fig. 2t). Both systems show full
reversibility after hydrogenation and dehydrogenation.

Hydrogen release properties

Fig. 6 shows the hydrogen release profiles of both Mg,Cu(H)
prepared on porous carbon (a) and Mg,Cu(H) synthesized on
non-porous carbon (b). As reference materials the following
samples are also included: a sample containing a physical
mixture of bulk Mg,Cu(H) with porous carbon (c) and MgH, in
porous carbon made by melt infiltration (d).*® The last
reference was bulk Mg,Cu(H), which was prepared by induction
melting (e).

Bulk Mg,Cu(H) (e) shows a broad H, desorption peak with a
maximum around 415 °C. The peak temperature of the physical
mixture of Mg,Cu(H) (c) was slightly decreased (410 °C) towards
lower temperatures. MgH, molten on porous carbon showed a
peak around 380 °C (d). The decrease in temperature for this
composite is due to the presence of small MgH, particles inside
the pores of the carbon support as we have described earlier.>
The peak temperature of the Mg,Cu(H) composite on non-
porous carbon (b) decreased further to approximately 340 °C.
The most interesting desorption profile is from Mg,Cu(H)
prepared on porous carbon (a), which shows the largest
decrease in desorption temperature compared to the other
samples. Compared to bulk Mg,Cu(H) (e), the desorption
temperature is approximately 150 °C lower.

The benefits of using Cu are apparent from a comparison
with the MgH, reference (Fig. 6(c)). The supported Mg,Cu(H)-C
composites release hydrogen at lower temperatures. The pres-
ence of the carbon support only has a minor effect on the

J. Mater. Chem. A, 2013, 1, 9983-9991 | 9987
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temperature for hydrogen release when comparing the physical
mixture (c) with pure Mg,Cu(H) (e). Structural characterization
of these samples, as discussed in the previous section, revealed
two major differences in the Mg,Cu—-C composites: particle size
and distribution of the alloy on the support. By combining these

9988 | J. Mater. Chem. A, 2013, 1, 9983-9991

results with the hydrogen release measurements, the trend is
that smaller particles desorbed hydrogen at lower temperatures.
Also, supported alloy particles on graphite showed lower
temperatures for hydrogen release. The presence of a shoulder
in sample (a) is most likely caused by the size distribution of the

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ta10926g

Published on 20 June 2013. Downloaded by Universiteit Utrecht on 07/02/2014 13:48:11.

sample, where particles with an average size of 20-30 nm were
dominant as is shown in Fig. 5. This might also explain the
broader peak of sample (b), where a larger difference in size
distribution was found varying from 100 nm to 500 nm. The
sieved bulk sample (c) turned out to be more uniform in size,
leading to a narrower peak.

In summary, two effects are causing the shift in desorption
temperature. The first is the effect of particle size, which causes
the largest shift in the desorption temperature. The other effect
is caused by the presence of graphite, which has a minor effect
on the desorption reaction.

Cycling and the H, sorption equilibrium

Equilibrium desorption isotherms were measured volumetri-
cally on Mg,Cu-H on porous carbon (Fig. 7, left) after 2 initial
sorption cycles. The isotherms show similar amounts of
hydrogen being released at five different temperatures (250 °C,
275 °C, 300 °C, 325 °C and 350 °C). Only a single plateau was
observed, which means that only one hydride phase is present.
The equilibrium pressures were estimated from the center of
the plateaus, which were at 0.75 wt% for the isotherms at 250 °C
and 275 °C, and 1 wt% for the isotherms at 300 °C 325 °C and
350 °C. These plateau pressures were plotted in a van 't Hoff
diagram (Fig. 7, right) and resulted in an enthalpy and entropy
of the hydrogen desorption reaction of 66 (+3) k] mol * H, and
126 (+10) ] mol~* K respectively. These values are comparable
to earlier investigations.”>** The obtained enthalpy for this
system is approximately 9 k] mol " lower than MgH,, which is
causing the decrease in hydrogen release temperature for the
Mg,Cu(H) system. Therefore, the hydrogen release properties of
the Mg,Cu on the porous carbon composite were kinetically and
thermodynamically improved with respect to the MgH, system.

The reversibility of the hydrogen sorption reaction of
Mg,Cu(H) on porous and non-porous carbon was measured
gravimetrically (Fig. 8). Both samples were measured for 7
subsequent cycles and the onset temperature, where the weight
loss starts occurring, is close to the thermodynamic equilibrium
of ~250 °C at 1.3 bar H,. Mg,Cu(H) on non-porous carbon
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(Fig. 8, left) shows an excellent reversibility close to the theo-
retical storage capacity of 2.6 wt%. For Mg,Cu(H) on porous
carbon (Fig. 8: right), the first cycle showed almost the full
storage capacity and the storage capacity decreased slightly for
further cycling and stabilized at 2.0 wt%.

Comparing the slopes of the desorption profiles from
Mg,Cu(H) both on porous carbon and non-porous carbon, the
slope is steeper for Mg,Cu(H) on porous carbon. This indicates
that the desorption kinetics are faster for this system, while
there is no difference in the thermodynamics of both systems,
since the onset temperature for desorption is the same. For
instance, 80% of the total capacity was released after ~20 min at
280 °C for Mg,Cu(H) on porous carbon, while Mg,Cu on non-
porous carbon required ~60 min at a temperature of 320 °C.
This is in line with the TPD results, where faster desorption
kinetics were observed for Mg,Cu(H) on porous carbon due to a
smaller average particle size.

It seems that Mg,Cu on non-porous carbon with large crys-
tallites has a better reversibility than Mg,Cu on porous carbon
containing smaller crystallites. This has also been observed by
Jurczyk et al.*® The reduction in hydrogen uptake was attributed
to excess strain in the nanoparticles during hydrogen absorp-
tion and desorption or induced chemical disorder of the Mg-Cu
lattice since Mg diffusion is required for the reaction MgCu, <
Mg,Cu. On the other hand, it is also possible that the reduction
in uptake could be due to oxidation of the active material due to
impurities in the H,-gas flow used in the experiments. Smaller
particles tend to become oxidized faster and more material is
lost due to the larger surface area to volume ratio of nano-
particles, assuming that only an oxide shell is formed.

Activation energy for hydrogen desorption of Mg,Cu(H)-C

The lower reaction enthalpy for reaction (1) compared to pure
MgH,, 66 k] mol ™" H, and 75 k] mol™~" H, (ref. 30) respectively,
results in a lower equilibrium temperature for the Mg,Cu(H)
system.

However, TPD results have shown that there is still a large
kinetic difference between the different Mg,Cu(H) phases

254 "=

2.04
= MgH, + MgCu,
1.5

1.04 MgH

In(P/P,) (bar)

0.5

0.0 [

0.0018 0.0019

1T (K"

0.0016 0.0017

Fig. 7 Left: H, desorption isotherms of Mg,Cu(H) on porous carbon measured at 250 °C, 275 °C, 300 °C, 325 °C and 350 °C. Right: resulting van 't Hoff plot of
Mg,Cu(H) on porous carbon. The dashed line stands for the reported phase equilibrium between Mg and MgH, with AH = 75 kJ mol~" H, and AS = 136 J mol~" K2

This journal is © The Royal Society of Chemistry 2013

J. Mater. Chem. A, 2013, 1, 9983-9991 | 9989


http://dx.doi.org/10.1039/c3ta10926g

Published on 20 June 2013. Downloaded by Universiteit Utrecht on 07/02/2014 13:48:11.

0.0

=
o

--0.5
014

T
'

-

o

(4]
(nozﬁw o%Im) abueyo Jyblam paziewlon

-0.2 4

-0.34

Total weight change (wt%)

0.4 -

T T
200 250 300 350

Temperature (°C)

View Article Online

()| p—

-0.14

-0.24

-0.34

Total weight change (wt%)
(NDBI o) aBueyd JyBlam pazijewion

T T
200 250 300 350

Temperature (UC)

Fig. 8 H, desorption cycles measured gravimetrically of 15 wt% Mg,Cu(H) on carbon at 1.3 bar H, atmosphere with a heating ramp of 1 °C min~". The total and
normalized weight change is shown. The quantity of hydrogen released is normalized to the total amount of Mg,Cu(H), which has a theoretical capacity of 2.6 wt% H-.

Left: Mg,Cu(H) on non-porous carbon. Right: Mg,Cu(H) on porous carbon.

supported on carbon. To study this difference, a Kissinger
analysis was performed to obtain more information on the
hydrogen release kinetics.*

An interesting trend of a decreasing activation energy (E,)
from the bulk (a) to Mg,Cu(H) on non-porous carbon (b) and
Mg,Cu(H) on porous carbon (c) was observed (Table 2 and ESI,
Fig. 31). Bulk Mg,Cu(H) (d) resulted in similar values for the
activation energy and pre-exponential factor as sample (c).
Thus, the kinetic properties of Mg,Cu(H) did not change
significantly by only adding carbon.

In Fig. 9, the activation energy is plotted against the Mg,Cu
particle sizes. Not only a decrease for the activation energy was
found for smaller particles, but also the pre-exponential
factor (A,) is increasing for smaller particles. The value for
the activation energy of the bulk reference is close to what
has been found for the hydrogen desorption of pure MgH,
(126 kJ mol )32

The decrease in activation energy for the supported Mg,Cu
particles on porous carbon (a) and non-porous carbon (b)
compared to the bulk reference (c) is quite remarkable. Earlier
investigations have shown that the activation energy of the
hydrogen sorption reaction of pure MgH, did not change for
different particle- and grain sizes.** On the other hand, reaction
(1) requires the diffusion of Mg atoms to obtain Mg,Cu. Lei et al.

Table 2 Calculated values for the activation energy (Ea) and pre-exponential
factor (Ao). The maximum peak temperatures are given for a heating rate of 5 °C
min~" (Fig. 6)

Sample Tmax °C)  Ex (K mol™) 4, (s

(@) Mg,Cu(H), 251 97, (£9) 1.1 x 107, (£0.1 x 107)
(~20 nm)

(b) Mg,Cu(H), 341 102, (£7) 1.0 x 10°%, (£0.1 x 10°)
(~300 nm)

(c) MgxCu(H), 407 128, (£6) 4.7 x 10% (£0.2 x 10%)
(>1 pm)

(d) Mg,Cu(H), 406 123, (£8) 4.9 x 10% (£0.2 x 10%
(>1 pm)
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Fig. 9 Relationship between particle size and activation energy for hydrogen
desorption of: (a) Mg,Cu(H) on porous carbon. (b) Mg,Cu(H) on non-porous
carbon. (c) Bulk physical mixture of Mg,Cu(H) with porous carbon. (d) Bulk Mg,Cu
without carbon.

have proposed a model on how this might occur."* This mecha-
nism involves formation of new crystal boundaries of Mg(H,),
MgCu, and Mg,Cu during the hydrogen sorption reaction.
Smaller particles might have a lower activation energy for reaction
(1), because the diffusion distance for Mg atoms to reform Mg,Cu
is shorter. This also might explain the increasing pre-exponential
factor. The larger grain boundary between the MgH, and MgCu,
phases provides a higher statistical probability for the solid-state
reaction of MgCu, < Mg,Cu to occur, which favors decomposi-
tion of MgH,. The movement of the phase boundary between
MgH, and MgCu, is most likely the rate-limiting step, since solid-
state diffusion of atoms requires thermal activation.

Another aspect is the effect of the used carbon supports.
With our synthesis method, the alloy particles are brought in
close contact with the carbon support. This could have an
influence on the electronic structure of the alloy leading to a
lower activation energy. A similar trend was observed for MgH,—
C nanocomposites.** Smaller and well dispersed alloy particles
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have relatively more contact with the support material, which
enhances the effect. In this case sample (a) has the best
dispersion and consists of the smallest crystallites, thus has the
lowest activation energy.

Conclusions

We have successfully applied a new method to obtain Mg,Cu
alloy nanoparticles supported on carbon. There are clear
synergetic effects of nanosizing and using a carbon support.
Different sizes of Mg,Cu were obtained, where the average size
of Mg,Cu nanoparticles was 20 nm on a porous carbon support.
The activation energy for hydrogen desorption of these nano-
particles was lowered from 128 (+6) for a physical mixture of
bulk Mg,Cu with porous carbon to 97 (+9) kJ mol ™" for sup-
ported Mg,Cu nanoparticles on porous carbon. We were able to
improve the kinetics for the solid-state reaction involved in this
material. This new synthesis method to obtain nanomaterials
with enhanced kinetic properties could be relevant to the
development of other Mg-based alloy nanomaterials for appli-
cations in hydrogen storage or batteries in the future.
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