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a b s t r a c t

A MmNi4.25Al0.75 intermetallic was obtained by low energy mechanical alloying and low

temperature heating at 600 �C for 24 h under Ar. The intermetallic was recovered from

milling chamber using ethyl alcohol, dried, stored and handled under air at room condi-

tions. Structure was characterized by XRD. A maximum stability temperature of 160 �C was

obtained from non-isothermal DSC measurement under air. The kinetics of oxidation at

200 �C was analyzed. A maximum reaction degree (a ¼ 0.1) was obtained after 2500 s of

treatment. The hydrogen sorption properties of samples were studied by volumetric

measurements. Hydrogen maximum mass percent capacity (mass %) was reached in less

than 300 s. The thermodynamic sorption properties were measured. Values of DHf ¼ �29

� 2 kJ mol�1 and DSf ¼ 197 � 10 J mol�1 K�1 were obtained for absorption process and

DHd ¼ 28 � 2 kJ mol�1 and DSd ¼ 189 þ 10 J mol�1 K�1 were obtained for desorption process.

From these results, a one-stage of thermal compression of hydrogen is proposed with a

standard compression ratio (Rc) of 5.71 in the 25e80 �C range.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

The synthesis and experimental handling of highly reactive

hydride-forming materials is favored by the current advanced

research and design of glove boxes and diverse devices

developed to avoid contact of samples with laboratory atmo-

spheres. Under these controlled atmospheres, either water

and oxygen contents are lower than a 0.01 ppm. This current

technological condition allows the synthesis of new struc-

tures related to these compounds and the discovery of new

thermodynamic hydrogen sorption properties [1e3]. Despite

these necessary and successful findings, the engineering of

the scaling up from laboratory to larger prototypes should

avoid inert conditions to diminish the investment in hardware

and expenses related to the handling of large amounts of

hydride-forming materials. For engineering applications, this

situation makes the research work to face the unavoidable
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option of study both the structural and hydrogen sorption

properties of materials handled under non inert atmospheres:

mostly air at room conditions. Then, the properties of

hydride-forming materials are analyzed to the light of a more

realistic handling: the resistance of these materials to

contamination/deterioration after storing under atmospheric

conditions and before the use in diverse applications of the

hydrogen technology [4]. Keeping that objective in mind, a

MmNi4.25Al0.75 intermetallic was obtained by mechanical

alloying-low temperature heating treatment using a method

reported previously [5,6]. Remaining sample was recovered

from milling chamber with ethyl alcohol, dried and stored at

room conditions. After that, the hydrogen sorption properties

were studied. The results are used in the design of a one-stage

thermal hydrogen compression scheme. In this type of device,

no moving parts are used [4]. Therefore, hazards due to

hydrogen leaks are decreased. Then, security in laboratory/

commercial buildings is improved. These objectives aimed the

elaboration of this work.

Experimental

Ni powder (Sigma/Aldrich, 99.99%, �100 Mesh), chunks of Mm

(La0.25Ce0.52Nd0.17Pr0.06, Reacton, 99.6%) and Al (Aldrich,

99.99%, Flakes 100 mm) were set with stainless steel balls in a

stainless steel chamber under Ar atmosphere to obtain an

intermetallic of nominal composition MmNi4Al. The mixture

was mechanically alloyed in an Uni-Ball-Mill II apparatus

(Australian Scientific Instruments). A ball/sample mass ratio

of 11.2 was selected. Encapsulated sampleswere annealed in a

laboratory oven (INDEF model 331). Room temperature X-ray

diffraction (XRD) was achieved on a Phillips PW 1710/01 in-

strument and PANalytical Empyrean with Cu Ka Radiation

(graphite mono-chromator). Strain (s) and crystallite size (D)

values were estimated from diffraction peaks by considering

Gauss and a Lorentz contribution, respectively [7]. Chemical

composition was verified by Energy Dispersive Spectroscopy

(EDS) analysis using a device associated to a SEM 515 (Philips)

microscope. Thermal analysis was done by using Differential

Scanning Calorimetry (DSC 2970, TA Instruments). Measures

were done under air at 2 �C min�1 and isothermal measure-

ments were done at 200 �C. The hydrogen sorption properties

were measured in a Sievert’s type device. Pressure-

composition-isotherms (PCI) were done between 25 and

80 �C. The hydriding kinetic behavior was analyzed at 25 �C
and 80 �C.

Discussion and results

Structure characteristics, thermal stability and kinetics of
the oxidation in air

Fig. 1(a) shows the diffractogram of the sample obtained by

mechanical alloying followed by thermal treatment at 600 �C
for 24 h in Ar. Three phases were identified. An hydride-

forming AB5 and two extra phases: Mm7Ni3 and Ni. The

structural parameters and sample mass value of these phases

is presented in Table 1. The composition of the hydride-

forming AB5 was obtained from a crystallographic model

developed ad-hoc [8]. The model evaluates the change of the

structural parameters associated to the replacement of Ni by

Al in Wyckoff positions 2c and 3g [8]. The composition values

estimated using this method are more accurate than EDS

measurements because the model considers the changes on

the structural parameters of the AB5 while EDSmeasurements

analyzes the global sample including the other two phases. A

comparison between nominal composition, EDS measure-

ment and composition obtained using the crystallographic

model is presented in Table 3. The diffractogram of Fig. 1

shows an appropriate peak to background ratio related to a

mild crystallite size distribution. The microstructural values

are summarized in Table 3. The crystalline characteristics are

less developed than samples obtained by high temperature

methods [4] (see Table 2).

Fig. 1 e a) Diffractogram of as-milled D annealed sample.

b) Diffractogram of the sample after hydrogen

absorptionedesorption treatment.

Table 1 e Structural data of samples. Mm is the nominal composition La0.25Ce0.52Nd0.17Pr0.06. Mass sample %was obtained
using the single peak method.

Sample treatment Phase Space group a [�A] � 0.002 c [�A] � 0.002 a g Mass %
�1%

Milled 120 h and annealed 600 �C 24 h MmNi4.25Al0.75 P6/mmm 4.959 4.048 90 120 65%

Mm7Ni3 P63mc 10.020 3.389 90 120 34%

Ni Fm3m 3.525 e 90 e w1%

Cycled with hydrogen MmNi4.25Al0.75 P6/mmm 4.959 4.048 90 120 63%

Mm7Ni3 P63mc 10.020 3.389 90 120 35%

Ni Fm3m 3.525 e 90 e 2%
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Fig. 1(b) shows the sample after hydriding cycles. The

structure remains stable and no extra phases appear. No

sample mass % increase of the other phases occurs as

deduced from the values presented in Table 1. The general

effect of the hydriding cycles is a decrement in crystallite size

and increase in strain as typically reported for these com-

pounds [9].

Fig. 2(a) shows the non-isothermal DSC measurement of

the sample under stagnant air at a heating rate of 2 �C min�1.

The experimental data departs from the baseline near 160 �C.
Then, this temperature is considered as the starting destabi-

lization of the intermetallic (IM). As temperature increases, the

heat evolved increases anddatadeparts from thebaseline. The

thermal decomposition of the IM is a complex process that

includes the endothermic decomposition of the IM followedby

the exothermic oxidation of the individual constituents of the

IM [10]. This temperature value is a relevant result because this

type of IM is used in open-cycles of thermal compression. This

application normally operates between room temperature and

90 �C [4,11,12]. Then, this temperature value is an adequate

securitymargin (T range> 60 �C)whichensures that IMcannot

be decomposed if accidentally contacts air under operating

conditions. An isothermal DSC measurement is done to esti-

mate the kinetics of the oxidation. It is shown in Fig. 2(b). As

observed, the exothermal evolution of the sample is slowanda

maximum a ¼ 0.1 is reached at 2500 s. This low reactivity to-

wards the thermal decomposition is a relevant result because

if produced, contact of the sample with air at operative con-

ditions eitherdonot react (T< 160 �C) or it has a slowkinetics of

reaction (T < 200 �C).

The hydrogen sorption properties

Sample was recovered from chamber by successive washing

steps with ethyl alcohol. The alcohol of the intermetallic-

alcohol suspension was led to evaporate at room conditions.

After that, dried intermetallic remaining as powder in the

bottom of the vessel was stored also at room conditions. Pre-

vious to activation, sample was heated at 200 �C for 1 h to

vacuumtodesorb the adsorbed species and remaining alcohol.

After that, samplewas activated for near 30 cycles of hydrogen

absorption and desorption at room temperature. To analyze

the equilibrium hydrogen sorption properties, the corre-

sponding pressure-composition-temperature (PCI) curves

weremeasured in the 25e80 �Ctemperature range. Someof the

PCI’s are shown in Fig. 3. Although the theoretical H% m/m

value for typical AB5’s is not reached [13], it has to be kept in

mind that these sampleswere recovered frommilling chamber

walls, removed with alcohol, dried and stored at room condi-

tions.Despite theseunfavorable conditions, themaximumH%

m/m reach a value as high as 0.8% at 25 �C. The PCT curves are

also relatively flat as compared with samples obtained from

high temperature methods and also treated in air [4].

Application to thermal compression of hydrogen

The scheme of thermal compression of hydrogen is presented

in Figs. 3 and 4. Point I stands for the conditions of fresh

Table 3 e Composition of the AB5 phase calculated using
different methods and techniques.

Measurement technique/
method

Composition obtained/
calculated

Nominal MmNi4Al

EDS MmNi3.6Al1.4
Crystallographic model MmNi4.25Al0.75

Fig. 2 e DSC measurements. a) Non-isothermal. b)

Isothermal. Heat evolution. c) Isothermal. Reaction degree

(a) evolution.

Fig. 3 e a) Absorption PCI curves (full dots). b) Desorption

PCI curves (hollow dots). IeIIeIIIeIV representative points

of the complete TCH cycle. Rc is the standard compression

ratio (Ratio between middle plateau pressures). Rcp is the

practical compression ratio. (Ratio of the maximum

absorption pressure to the minimum desorption pressure).

Table 2 eMicrostructural properties of the MmNi4.25Al0.75
for representative hkl values.

Sample treatment h k l D (Å) � 10 Å s (%) � 0.05%

Milled and annealed

(Fig. 1(a))

101 450 0.2

110 430 0.2

After cycling in hydrogen

(Fig. 1(b))

101 360 0.3

110 360 0.2
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hydrogen supply (T ¼ 25 �C, p ¼ 125 � 5 kPa). The hydride is

formed according to the PCI at this temperature and system

reaches point II going through a thermodynamic path

described by this PCI. At point II, the system is isolated.

Hydrogen supply is cut and the system is heated to 80 �C. The
system isnowat point III. Removal of hydrogen is done and the

systemgoes to thepathdescribedbyPCI at 80 �Creachingpoint

IV. The compression stage can be clearly observed in the Van’t

Hoff diagram of Fig. 4. It is obtained using the equilibrium

pressure values of Fig. 3. Full circle points stand for absorption

values. Hollow circle points stand for desorption values. For

absorption, the thermodynamic values obtained are

DHf ¼ �29 � 2 kJ mol�1 and DSf ¼ 197 � 10 J mol�1 K�1,

respectively. For desorption, these values are

DHd ¼ 28 � 2 kJ mol�1 and DSd ¼ 189 þ 10 J mol�1 K�1. Ther-

modynamic sorption values are similar to those of AB5’s with

similar composition [14]. The one-stage compression is sche-

matized in this Figure. Point II represents the thermodynamic

conditions described in the absorption isotherm at 25 �C and

125 � 5 kPa. After hydride formation, the system is heated at

80 �C. According to the isothermat this temperature, hydrogen

is evacuated at 750 � 5 kPa. Dehydrided IM is obtained. Then,

system is cooled to 25 �C. At this condition, the system is ready

to start a newhydrogen thermal compression cycle. As a result

hydrogen was compressed in a Rc ¼ (750 kPa/125 kPa) ¼ 5.71

standard compression ratio. The practical compression ratio

(Rcp) is calculated taking thehigherabsorptionpressureat 25 �C
and lower desorption pressure at 80 �C. The value obtained is

Rcp¼ (600 kPa/225 kPa)¼ 2.63. Since the hydrogen is stored as a

hydride, a solid matrix, the hazards due to hydrogen leaks is

decreased. This situation normally arises in devices with

movingparts. ThisAB5-H2 systemshasanextraadvantage. It is

oriented to stationary applications such as the equivalent to

fossil fuel gas stations. Therefore, the ratio sample mass/

hydrogen volume is not a restriction. This means that small

hydrogen-at laboratory-scale compressors can perfectly fit for

supplyof compressedhydrogen.Thedevice is especiallyuseful

in tandem devices such as hydrogen compression systems e

hydrogen electrolysers [15].

The kinetics of the sample absorption at 25 �C and

desorption at 80 �C are presented in Fig. 5. These conditions

were selected because the dynamics of the compression sys-

tem are determined by these hydriding processes. These ki-

netics are the ones of path I to II and III to IV shown in Fig. 3.

Hydriding at 25 �C is done in almost three stages. The first one

is faster (tw 30 s) and reach aw 0.72. The second and third are

slower and themaximum a is reached in approximately 300 s.

This indicates that the kinetic of hydriding/dehydriding pro-

cess is faster than the kinetics of oxidation as observed in

Fig. 2(c). This result is relevant because if the hydrogen fresh

supply is contaminated with oxygen, the hydride formation

should be faster at 25 �C since the IM do not react with oxygen

at this temperature. The risk present in this case is the

exothermal hydrogen/oxygen reaction in this closed system.

Dehydriding at 80 �C is also fast. The first stage reaches a

w0.72 for t w30 s. The second and third stage are slower than

the first. Themaximum a is reached atw300 s. The desorption

leads to point IV. The hazard is present if oxygen enters acci-

dentally to the system. At this temperature, the dehydriding

process should not be slower than 350 s and the IMdonot react

with oxygen as observed in Fig. 2(b) and (c). Then, the low

reactivity of the IM towards oxygen and the fast hydriding/

dehydriding processes decreasedepossibility of hazards in the

TCH scheme. Thepossibility of application to industrial level is

favored because hydrogen absorption and desorption rates are

faster than pumping of hydrogen either for vacuum or filling

for semi-industrial compression installations where alloys of

similar compositionwereused [16]. A comparisonbetween the

energy consumption (kW h�1) between this compressor and a

conventional onewasmade.Thecomparisonwasbasedon the

compression of a normal cubic meter of hydrogen. Energy

balance in this compression system was done by considering

the amount of water and corresponding energy consumption

(heating and cooling devices and pumping systems) needed to

maintain the hydrogen absorption temperature at 25 �C ac-

cording to the isotherm of Fig. 3(a), to heat the system to 80 �C,
to maintain the hydrogen desorption temperature at 80 �C
according to the isotherm of Fig. 3(b) and to cool the system to

Fig. 4 e The Van’t Hoff diagram. Points II and IV stand for

the points of completion of supply of hydrogen and final

exit of the compressed fluid. The Rc value obtained is 5.71.

Fig. 5 e Kinetics of the processes of hydrogen absorption

(25 �C) and desorption (80 �C). In these figures a [ (H mass

%(t) eHmass % (t0))/(Hmass %(t0)). In this equation, t0 is the

starting measurement time.
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25 �C in a similar fashion to metal hydride compressor esti-

mations reported elsewhere [17]. The comparison with a con-

ventional compressor was based on considering the efficiency

and energy consumption needed to rise the pressure from 1 to

5 bar according to the specification of the compressor in a

laboratory-scale. The values obtained are w0.2 kWh and

w7.4 kWh for conventional compressor and metal hydride

compressor, respectively. These values indicate that the

operating conditions are more expensive than those of the

conventional compressor. It is worth to note that calculations

are done without optimizing mass/heat transfer in neither of

these devices. Despite that current disadvantage, the security

of the solid storage of hydrogen against hydrogen fluid leaks

encourage the use of metal hydride thermal compressors.

Summary and conclusions

The road from the hydrogen economy to the hydrogen civili-

zation [18,19] also involves the development of materials

research focused in low cost of investment and expenses and

low waste generation. This scope of research covers the syn-

thesis and handling of large amounts of hydride-forming

materials oriented to applications of the hydrogen technol-

ogy. Then, the following results found in this paper contribute

to achieve that final objective:

➢ The MmNi4.25Al0.75 can be recovered from milling devices

by successive steps of washing with alcohol. The IM is

stored and handled at room conditions.

➢ The structure resists heating under oxygen-content at-

mospheres up to T > 160 �C.
➢ The kinetics of the oxidation of the MmNi4.25Al0.75 in air is

slow. In the case of hazard events, the IM can resist the

decomposition/oxidation process.

➢ Despite the handling under non inert atmospheres, the

hydriding properties are appropriate enough to develop a

TCH scheme with a Rp of 5.71 and Rcp of 2.63.

➢ The hydriding/dehydriding kinetics are faster than the

oxidation ones. It is a secure characteristic in events

associated to desorption processes because hydride can be

completely desorbed before the IM is decomposed by

oxidation.
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