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� Zr2(Co0.5Fe0.2Ni0.2V0.1) intermetallic

alloy is prepared by vacuum arc-

melting method.

� This alloy has a multi-phase crys-

tal structure with at least two

different positions for iron atoms.

� High hydrogen capacity (2.1 wt%)

and fast absorption kinetics (less

than 100 s) are interesting features

of this alloy.

� In the first three cycles, the

maximum absorption capacity re-

duces about 25% and remains

constant after that.

� This alloy has good anti-

disproportionation behavior at

least up to 8 bar and temperature

lower than 783 K.
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a b s t r a c t

The Zr2(Co0.5Fe0.2Ni0.2V0.1) intermetallic alloy was prepared by arc melting method and its

physical properties and hydrogen storage performance were investigated. XRD analysis by

Rietveld refinement and M€ossbauer spectroscopy measurements revealed a multiphase

crystal structure, in which the dominant phases are C16 Laves phase. The hydrogen-

induced cracks, chemical composition, and elements distribution were analyzed by SEM
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bi).

ons LLC. Published by Elsevier Ltd. All rights reserved.

mailto:arabi-h@um.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2021.03.045&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2021.03.045
https://doi.org/10.1016/j.ijhydene.2021.03.045
https://doi.org/10.1016/j.ijhydene.2021.03.045


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 9 0 6 0e1 9 0 7 3 19061
Accepted 6 March 2021
Available online 8 April 2021

Keywords:

Activation parameters

Anti-disproportionation

Hydrogen absorption
57Fe M€ossbauer

Hydrogen kinetics

Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy
and EDX mapping. The optimum conditions for the activation process, hydrogen absorp-

tion kinetics, cyclic durability performance, and disproportionation behavior were dis-

cussed. Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy has a high absorption kinetic rate, with an activation

energy of 10.11 kJ/mol, high hydrogen capacity (2.1 wt%) at room temperature, and good

anti-disproportionation behavior (hydrogen pressure up to 8 bar and temperature below

783K). The hydrogen capacity decreased in the first three cycles (~25%) and then remained

almost stable, which is likely caused by the high stability of hydride. The studied hydride

has interesting features that can be considered for practical applications.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
causes the formation of stable hydride phases, at a tempera-

Introduction

Oneof themostcrucial challenges inusing “Hydrogenasa fuel”

in onboard applications is to store them safely and securely.

Formany years, scientists in the field of hydrogen storagehave

been trying to introduce and characterize some newmaterials

for improving their hydrogen absorption and desorption

properties. High capacity for absorbing hydrogen, operating at

near ambient temperature and pressure, high absorbing/

desorbingcycledurability, fast kinetic, and lowcost ofmaterial

are the most important parameters for a good hydrogen stor-

age candidate. Intermetallic alloys are oneof the best andwell-

known materials for hydrogen storage. High volume storage

capacity, easy activation, high cyclic life, fast kinetic, and

tunable absorption/desorption temperature and pressure by

using elemental alloying or other common techniques are in-

dividual featuresof intermetallic alloys.However, a typical low

gravimetric storage capacity (usually lower than 2 wt%) is the

major drawback of them [1e3]. In addition, intermetallic alloys

are used for non-storage applications include nickel-hydride

battery, some thermal systems, purification hydrogen sys-

tem, hydrogen sensor, and catalytic application [4e7].

Depending on the structure types and constituent ele-

ments, intermetallic alloymaterials classify into several group

families, namely AB5, AB, AB2, AB3, and A2B. In the A2B type

family, A is an alkaline earthmetal and B is a transitionmetal.

Zirconium can be placed instead of A in this type of alloys.

Zirconium has a larger atomic radius compared with the

hydrogen atom, and it has a high affinity to react with

hydrogen. Therefore, zirconium-based alloys have interesting

properties regarding hydrogen storage. For example, these

alloys usually have a very low plateau pressure for absorbing

hydrogen [8,9]. So, they have not attracted much attention to

the onboard applications. Nevertheless, this feature causes

the Zr-based alloys considered as a great candidate for trap-

ping tritium in the light water reactor for the fuel cladding.

Non-radioactivation and low pyrophoricity nature, lower

price, and high dissociation pressure at moderate tempera-

tures are the advantages of using Zr-based alloys instead of

uranium in storage and delivery hydrogen isotope [10].

Another application of these compounds is in ultra-high

vacuum (UHV) systems as a “getter” for residual hydrogen in

the vacuum chamber [11].

ZrCo alloy from the AB family type is a good candidate for

fuel cladding [10]. However, the disproportionation reaction
ture above 573 K, resulting in limitation of desorption kinetic

and consequently degradation of cycle life. In order to

improve the kinetic performance of ZrCo, it is possible to

decorate the particles of the alloywith catalytic elements such

as nickel or modifying composition by elemental substitution

[10]. The effect of decorating or substituting Ni and Fe instead

of Co on ZrCo alloy has been investigated [12e15]. Nickel in

ZrCo1-xNix compound plays a catalytic role in decomposing

molecular hydrogen bonds and simultaneously improves the

hydrogen absorption kinetics. Furthermore, the addition of

nickel content decreases the hydrogen desorption pressure

(without any changing the storage capacity) and improves the

cyclic stability of the ZrCo hydride [13,15]. On the other hand,

the iron substitution in ZrCo leads to higher durability of the

alloy against disproportionation reaction and consequently

increases cyclic stability significantly [14]. Based on theoret-

ical results, the restraint or acceleration of the dispropor-

tionation reaction by elemental substitution is attributed to

the change in the ZreH(8e) bond length or the size of the 8e

site in ZrCo alloy [16]. Vanadium is another useful element

that is added to the alloy for improving the hydrogen ab-

sorption kinetics [17]. Although vanadium plays a significant

catalytic role in hydrogen storage reaction, it is an expensive

element and increases the final cost of the alloy.

In spite of the fact that the binary ZrCo alloy is a good getter

for tritium absorption, the A2B family compounds in the form

of Zr2Co seems to be more suitable because the hydrogen

absorption pressure is lower than in this compound.

Furthermore, the compound in the form of Zr2M (M ¼ Co, Ni,

and Fe) have the highest H per atom (H/M¼ 5) among the other

zirconium-based alloys [18]. The destructive phenomenon of

disproportionation also occurs for this class of alloys. It is well

known that high temperature, high hydrogen pressure, and

repeated hydrogen absorption/desorption cycles are the three

main factors that affect disproportionation reaction in Zr-

based alloys [19]. The hydrogen-induced disproportionation

mechanism in Zr2M (M ¼ Co, Ni, and Fe) has been systemati-

cally investigated as a function of temperature. These binary

alloys rapidly decompose into more stable phases at elevated

temperatures of 773 K, and the stability order is reported as

Zr2Ni > Zr2Co > Zr2Fe [20]. It was found that Zr2Co, Zr2Ni, and

Zr2Fe binary alloys are highly sensitive to temperature and

hydrogen pressure and quickly decomposed to stable phases

[21e24]. Based on in-situ neutron diffraction data, Zr2FeH5

hydride decomposes to ZrH2 at a temperature above 653 K and
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decomposes to ZrFe2 and Zr3Fe by increasing temperature

above 803 K [23]. On the other hand, the initial pressure of

hydrogen higher than 1 bar also causes the formation of ZrH2

and the reduction of hydrogen absorption capacity in the

Zr2Fe alloy [24].

In this study, the zirconium-based alloy in the form of A2B

fabricated with the stoichiometric formula Zr2(Co0.5Fe0.2Ni0.2-
V0.1) and measured some of its physical properties including

structural and morphological properties. The local electronic

environment of iron nuclei was studied by M€ossbauer spec-

troscopy. It was found that the addition of iron, nickel, and

vanadium improve the hydrogen storage properties. Some

hydrogen storage properties such as activation behavior, cy-

clic durability performance, and hydrogenation kinetics were

investigated in the temperature range of 273e795 K. Further-

more, the effect of temperature and pressure on dispropor-

tionation reaction are discussed.
Experimental

The initial cobalt, iron, and nickel ingot with 99.9% purity and

zirconium ingot with 99.5% purity were purchased from

commercial sources and used without any further purifica-

tion. The vanadium source was used in the powder form with

99.98% purity. Vanadium powder was first converted to a

tablet inside an argon atmosphere glove box (for preventing

oxidation) and then used as one of the starting materials. The

materials were cut and weighed carefully to produce a 20 gr

alloy with the stoichiometric ratio of Zr2(Co0.5Fe0.2Ni0.2V0.1).

The alloy fabricated by a vacuum arc-melting furnace (FZKH

100VAR H, Iran) on a water-cooled copper hearth. The cham-

ber was flushed three times with argon gas (99.9999% purity)

and then evacuated by a rotary and diffusion pump combi-

nation to provide a vacuum pressure of 5 � 10�5 mbar. A ti-

tanium getter was used for removing any amount of residual

oxygen in the chamber. The process ofmelting and re-melting

was carried out five times in a suitable manner to ensure the

homogeneity of the alloy composition.

The inductive coupling plasma (ICP) spectra of the alloy

confirm that the stoichiometric ratio is correct. X-ray diffrac-

tion, SEM & EDX, and M€ossbauer spectroscopy were used to

examine the structural and morphological properties of the

alloy composition. Hydrogenation properties of the alloy were

measured by a home-made Sievert apparatus.
Table 1 e The average concentration of elements in the
composition of Zr2(Co0.5Fe0.2Ni0.2V0.1) from the EDX
mapping analysis.

Content/wt.%

Zr Co Ni Fe V

Experimental 76.93 11.97 4.81 4.43 1.86

Theoretical 76.29 12.27 4.89 4.42 2.12
Result and discussion

Characterization Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy

Scanning electronmicroscopy (SEM)with energy dispersive X-

Ray (EDX) system, (1450VP Leo, Germany), were used to

identify the distribution of elements and quantify the

elemental composition of the alloy. Fig. 1-a shows the general

backscatter electron image (BEI). Fig. 1bef demonstrate the

EDX mapping images for cross-section of the Zr2(Co0.5Fe0.2-
Ni0.2V0.1) sample for V, Fe, Co, Ni, and Zr elements, respec-

tively. In the BEI results, a multiphase structure is obviously

observed by distinguishing light gray, medium gray, and dark
gray areas. By comparing Fig. 1-a and f, the EDX analysis

shows that the medium gray area is zirconium rich. In these

areas, the amounts of other elements are very low, which

confirms that zirconium is not fully incorporated with other

elements. Vanadium has precipitated in dark gray areas

(compare Fig. 1a, and -b). In these areas, there are also iron,

nickel, and cobalt, whereas the iron content is higher than Co

and Ni (Fig. 1cee). Zirconium content in the dark gray areas is

much lower than in another one, which suggests dark areas

are a mix of all elements, but the content of iron and vana-

dium are higher. The light gray area is homogeneously

composed of all elements except vanadium.

Table 1 shows the elemental composition analysis of the

sample. It was found that the theoretical composition sup-

ports the experimental results.

The crystal structure of the samples was investigated by X-

ray diffractometer (BRUKER D8, Germany). Fig. 2 shows the X-

ray diffraction patterns of the Zr2(Co0.5Fe0.2Ni0.2V0.1) sample

named “as-cast sample”. The visual inspection of Fig. 2 reveals

that the as-cast sample has a multiphase structure. In the

multiphase alloy, precise phase identification is very difficult

or maybe impossible because some peaks are superimposed

by peaks of two or more phases. Therefore, Rietveld refine-

ment analysis was applied for identification type, amount,

and the number of phases. The refinement method was car-

ried out based on the method proposed by Ref. [25] and by

using FullProf software [26]. The content of each phase, final

weighted average Bragg R-factor, and final reduced chi2 are

summarized in Table 2. The small value of fitting parameters

indicates that the phase identification in the sample is

acceptable.

The Rietveld analysis of the as-cast sample confirms that

there are several phases, in which the dominant phases are

Zr2Fe, Zr2Co, and Zr2Ni with the CuAl2 (C16 Laves phase)-type

structure (The total content of the C16 phases is about 79 wt

%). The presence of C16 Laves phases was predicted in the

composite structure, where they were highly presented in the

Zr-rich sections of their ternary phase diagram [27,28]. Several

small peaks at 2q ¼ 34.3�, 38.5�, and the shoulder at 34.8� are

attributed to the formation of orthorhombic Zr3Co phase.

Since the cobalt content in the alloy composite is higher than

that of the other elements, Zr3Co phase is more likely to form

than Zr3Fe or Zr3Ni. The hexagonal Zr phase is also observed,

indicating that part of the zirconium has not been incorpo-

rated into the final synthesized alloy composition. Already

some zirconium regions were also observed in the EDX map-

ping spectra. The peak around 2q ¼ 41� corresponds to the

vanadium phase with a cubic structure. Probably, some zir-

conium and vanadium atoms in solid solution phases are

generated during a fast and non-equilibrium solidification

https://doi.org/10.1016/j.ijhydene.2021.03.045
https://doi.org/10.1016/j.ijhydene.2021.03.045


Fig. 1 e Backscatter electron image and EDX mapping analysis of the Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy. Each element is marked

with a specific color. The concentration of the elements is proportional to the color intensity associated with them. (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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process, and the annealing treatment at high temperature

may be effective in eliminating them.

The M€ossbauer spectroscopy (MS) was used to study the

electronic environment and valence state of iron atoms.

M€ossbauer measurements have been done in a transmission

geometry using a constant-acceleration spectrometer (Wissel,

Germany). 57Fe source was Со-57 in rhodiummatrix 35 mCi in

activity. The best least-squares fit the M€ossbauer spectra, by

the assumption that line shapes are Lorentzian, yields values

of the hyperfine parameters, namely isomer shift (IS) and
quadrupole splitting (QS). Due to the little amount of iron in

the alloy, each measurement took about two days for

obtaining the desired signal to noise ratio. This sample shows

paramagnetic like behavior at room temperature. Further-

more, any trace of magnetic hyperfine interaction was not

detected by doing the measurement at 80 K.

The phase diagram of ZreFe compound illustrates several

crystalline phases as follows: The most important of these

phases are Zr2Fe with tetragonal body-centered structure (C16

Laves phase), Zr2Fe with cubic diamond structure, Zr3Fe

https://doi.org/10.1016/j.ijhydene.2021.03.045
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Fig. 2 e X-ray patterns and its Rietveld refinement of Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy. Red points show the experimental XRD

data. The black line is the calculated patterns that are obtained from Rietveld refinement. Colorful vertical bars show the

positions of the Bragg peaks for each phase. The blue line shows the difference between the experimental XRD data and the

calculated patterns. (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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having orthorhombic phase, ZrFe2 and Zr6Fe23 with cubic

structure and iron solid solution in alpha or beta zirconium

phase [27e29]. According to the XRD results, it is favorable

that the mixed substitution of cobalt, nickel, or both of them

can take place in each structure of the phase diagram. Fig. 3

and Table 3 show the MS spectrum and parameters of the

fitting for the as-cast sample, respectively. There are two

quadrupole doublets, the first doublet with an isomer shift

IS ¼ �0.30 mm/s and quadrupole splitting QS ¼ 0.70 mm/s

ascribed to the tetragonal phase of Zr2Fe (С16) [30,31]. The

second doublet has the following parameters: IS ¼ �0.19 mm/

s, QS ¼ 0.15 mm/s. The line width of this doublet is almost 1.4

times wider than the lines of the first doublet. This observa-

tion is probably because, in addition to zirconium atoms other

elements such as cobalt, nickel, or even vanadium atoms can

be found in the nearest vicinity of the iron atom. Besides, the

line broadening may be because this phase is poorly crystal-

lized, and its reflections are not even visible in the X-ray

diffraction patterns. One of the reasons may also be nano/

micro clustering. If we compare the temperature change in

the isomer shift (DIS) from room to liquid nitrogen tempera-

ture for the Zr2Fe phase, we see that for Zr2Fe, DIS is 0.12(5)

mm/s, and for the second phase, it is about 0.14 mm/s. This

means that the Debye temperature for the second phase is

noticeably lower than for Zr2Fe. Therefore, the iron atoms in

the second phase are bond more weakly to the surrounding
Table 2 e The amount of each crystalline phase and the param
analysis. Rwp ¼ 12.6

Sample Phase abundance (w

C16 Laves phase

as-cast Zr2Fe Zr2Co Zr2Ni Zr

54.89 18.98 4.95 13

a Final weight av. Bragg R-Factor.
atoms than for the Zr2Fe phase. Based on these data, we can

assume that the second doublet may be related to the

composition of the form Zrx(Fe, Co, Ni)y.

In general, the Fe isomer shift (dFe¼ IS) is proportional to the

s-electron density r(0) at 57Fe nuclei, which inmetals and alloys

is mostly dependent on the 3d-electron shell configuration and

s-electron band population of iron atoms. Usually, when the Fe

atom is confined in a small volume, the s-electron density at its

nucleus becomes larger, and the value of dFe reduces. There-

fore, the difference in IS values between Zr2Fe with

IS ¼ �0.30 mm/s and the second doublet (approximately

IS¼�0.19mm/s) is considered to be due to the neighboring iron

atoms. This is usually the case in ZreFe alloys, where a highly

electronegative iron acquires electrons from electropositive

zirconium. Such charge transfer determines very large negative

values of dFe for binary ZreFe compounds, such as tetragonal

Zr2Fe, where all the nearest neighbors of the iron atoms are

zirconium atoms. Therefore, the X-ray and the M€ossbauer

measurements results show that the main iron-containing

phase is the Zr2Fe. Zirconium atoms have already been

consumed to form the Zr-enriched phase. Therefore, the sec-

ond phase (second doublet) can be of the type Zrx(Fe,Co,Ni)y,

where y > x. This is also evidenced by the value of the isomer

shift, a decrease in the number of zirconium atoms in the

nearest vicinity of the iron atoms, and it led to a shift of the

isomer shift toward positive values [32].
eters of the fitting calculated from Rietveld refinement

t.%) Error

3Co Zr V Av.ReFa Chi2

.49 5.41 2.26 4.6 1.7
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Fig. 3 e M€ossbauer spectra of 57Fe nuclei in the as-cast

sample: a) at room temperature, b) 80K

Fig. 4 e Hydrogen absorption kinetic curve for samples

without and with activation process at different

temperature (kinetic curves measured at 2.65 bar hydrogen

pressure after 30 min and room temperature).
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A value of QS is defined by the symmetry of the iron elec-

tron shells and local symmetry of the crystal lattice near the

iron atom. In ZreFe alloys, for example in Zircaloys, the values

of QS are large in tetragonal Zr2(Ni, Fe) (C16), small in hcp

Zr(Cr, Fe)2 (C14), and even smaller in fcc Zr(Cr, Fe)2 (C15) [33].

The electronic environment of iron atoms in the second phase

is relatively symmetrical (QS ¼ ~0.15 mm/s) which is possible

when structural changes occur from the tetragonal type to the

hexagonal cubic (С15) one. Taking into account that the

M€ossbauer parameters of ZreFe alloys depend on the syn-

thesis conditions, composition, heat treatment, quenching,

etc. Therefore, the parameters of the second doublet are in

agreement with those addressed in the literature [31,34].

Thus, the second center for iron in the as-cast sample
Table 3 e Parameters of M€ossbauer spectra and their attribute

Sample aIS(mm/s) QS(mm/s)

as-cast at RT Doublet1 �0.30(3) 0.70(5)

Doublet2 �0.19(3) 0.15(5)

as-cast at 80K Doublet1 �0.18(1) 0.74(4)

Doublet2 �0.06(3) 0.13(5)

a The isomer shifts are defined relative to iron metal.
corresponds to poorly crystallized particles of the composition

Zrx(Fe, Co, Ni)y, where y > x.

Optimization of activation parameters

Finding the optimal condition for Zr-based alloy activation is

essential for kinetic measurements. The kinetic property and

hydrogenation parameters of these alloys, including

maximum capacity, kinetics time for complete hydrogena-

tion, and cycle durability, depend on activation conditions,

which were intern drastically changed by phase separation

and disproportionation effect.

Two experiments were designed to study the influencing

parameters, including temperature and time of activation in

the heat treatment. The first experiment is finding the optimal

temperature in the heat treatment of the activation process.

The sample was placed between two hardened steel plates

and crushed into smaller pieces by a hydraulic press. Then, it

wasmechanically groundedwell by using an agatemortar and

pestle into a fine powder and passed through the sieve of 70

U S. Mesh. The powder does not react with oxygen under

ambient conditions, so there is no need for an inert atmo-

sphere glove box during powder preparation steps. 0.15 g of

the powder was loaded into the reactor, and the system was

washed three times with helium gas and then vacuumed

continuously. The sample with no activation process is sub-

jected to a hydrogen pressure of 2.65 bar until hydrogen ab-

sorption was stable. Other samples were heated at 500, 600,
d phase.

Half Width Composition Phase name

0.24(9) 67.(6)% Zr2Fe

0.34(4) 32.(3)% Zrx(Fe,Co,Ni)y, y > x

0.26(4) 67.(9)% Zr2Fe

0.45(2) 32.(1)% Zrx(Fe,Co,Ni)y, y > x

https://doi.org/10.1016/j.ijhydene.2021.03.045
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Fig. 5 e Hydrogen absorption kinetic curve, which

activated at 700 K, at various activation time (by applying

2.65 bar hydrogen pressure at room temperature).

Fig. 6 e The effect of applied hydrogen pressure on the

absorption kinetics of Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy at room

temperature.
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700, and 800 K in the presence of a dynamic vacuum

(<10�2 mbar) for 30 min. After cooling downo room tempera-

ture, the powder was exposed to a hydrogen pressure of

2.65 bar. Fig. 4 shows the hydrogen absorption kinetics of the

alloys activated at various temperature.

The sample without the activation process absorbed

hydrogen immediately started after purging of H2 gas and

increased very slowly. The maximum capacity of this sample

(1.57 wt%) reaches the lowest value among other samples

even after a long time, which indicates the activation process

is necessary for complete hydride formation. The maximum

value of hydrogen capacity (2.1 wt%) is the same for all sam-

ples at various heating temperatures from 500 to 800 K in

Fig. 4. Apart from that, Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy absorbed

hydrogen after a delay time inversely proportional to the

selected temperature of heat treatment.

The unusual results of the samples (the slow kinetics of

hydrogen absorption and the lower value of the hydrogen

capacity in the sample without activation and observing a

delay time for heated samples) can be explained by two effects

[35]: (1) The surface composition of Zr-based alloys is affected

by temperature, which is described by “surface segregation”.

Surface segregation in this study refers to the difference in

atomic concentration of zirconium and other 3d metals atom

(Co, Ni, Fe, and V) in the surface and the bulk of the sample.

This phenomenon is common to zirconium-based alloys

[35,36]. Therefore, the atomic concentration of 3d metals on

the surface particles is increased by increasing temperature,

associated with enhanced catalytic activity for the adsorption

of H2 molecules in these metals. (2) The surface protective

ZrO2 layer is an effective barrier against hydrogen absorption.

These layers are formed on the surface of Zr-based alloy

because of the large negative free energy of its formation and

can be gradually destroyed with the increase of temperature

[35,37]. According to the presented data in Fig. 4, the optimum

temperature of 700 K was selected for complete hydrogen

absorption. The samples with the activation process pulver-

ized by hydrogen absorption and converted to fine gray

metallic powder due to a lattice volume expansion while no

trace of this effect observed in the sample without activation.

This observation can confirm that the hydrogen absorption in

the sample without activation was not complete.

The second parameter for the activation process is time. To

evaluate the effect of activation time on the hydrogen ab-

sorption kinetic curve, the powder, based on the last experi-

ment, was heated to 700 K for 10 min to 3 h, and then cooled

down to room temperature. By applying a hydrogen pressure

of 2.65 bar, with the same conditions as the previous experi-

ment, hydrogenation performed in a short time. Fig. 5 in-

dicates the hydrogen absorption kinetic curve as a function of

time for different preheated treatment time intervals. The

maximum capacity of the hydrogen absorption is almost the

same in all activation time. The time delay is reduced by

increasing the activation times, which is clearly observed

from the inset of Fig. 5. The time of activation has a significant

influence on the delay time of hydrogen absorption and time

of hydrogen saturation as reported in the literature as well as

this study [35]. The reduction of hydrogen capacity for 3 h heat

treatment is unknown for us. However, it can be seen that the

maximum hydrogen capacities at various times of activation
were very close to each other, suggesting that the effect of

time activation is negligible. Therefore, the optimum activa-

tion time of 2 hwas adopted in the subsequent experiments of

this study.

One of the important parameters for the hydrogen ab-

sorption process is the amount of pressure applied to the

sample as the driving force. In order to deduce the optimum

pressure in the hydrogen absorption, heated powders at 700 K

for 2h examine at different pressure, as shown in Fig. 6. No

disproportionation reaction was observed up to hydrogen

pressure of 8 bar, indicating that this alloy has relatively good

resistance to the hydrogen pressure. As shown in the inset of

Fig. 6, by increasing the applied hydrogen pressure, reaching

maximum absorption occurs in a shorter time. This phe-

nomenon can be predicted by increasing the driving force of

the hydrogen on the structure of the alloy via increasing the

applied hydrogen pressure. In fact, as the initial pressure

during the hydriding reaction increases, the hydrogen con-

centration in the surface of the bulk increased, i.e. the driving

force, which diffuses the hydrogen atoms into the bulk of the
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Fig. 7 e X-ray patterns and its Rietveld refinement of Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy after hydrogenation. Red points show the

experimental XRD data. The black line is the calculated patterns that are obtained from Rietveld refinement. Colorful vertical

bars show the positions of the Bragg peaks for each phase. The blue line shows the difference between experimental XRD

data and the calculated patterns. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 9 0 6 0e1 9 0 7 3 19067
sample, increases. Consequently, the activation energy de-

creases and the delay time of hydrogen absorption becomes

shorter, associated with the faster reaction rate, which is

consistent with the result of Fig. 6.

Fig. 7 shows the XRD patterns and Rietveld refinement of

Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy after activation process with

hydrogen at 2.65 bar, 2 h at 700 K. By comparing the XRD

pattern of hydride sample with the as-cast one (that shown in

Fig. 1), all the peaks of C16 Laves phases and Zr, Zr3Co and V

phases have disappeared, and some new related hydride

phases have formed. The main hydride phases correspond to

the tetragonal Zr2MH5 (M ¼ Co, Fe, or Ni) phase similar to an

Al2Cu-type metal atom arrangement. Based on the result of

Rietveld refinement (Table 4), the tetragonal phases are the

main crystalline phases with about 74 wt%. Furthermore,

other hydride phases, including ZrH2, ZrFeVH3.6, and

Zr3CoH6.6 phases, are identified in the XRD pattern. The hex-

agonal a-Zr and Zr3Co phases were previously observed in the

XRD spectrum of the as-cast sample. These phases react with

hydrogen to produce ZrH2 and Zr3CoH6.6 phases with phase

abundance of 11.15 and 3.89 wt%, respectively. ZrFeVH3.3

phase is created in this sample, probably due to hydrogena-

tion of Zrx(Fe, Co, Ni)y phase, where y > x, which is mentioned

in M€ossbauer spectroscopy. The absence of ZrCo, ZrNi, and

ZrFe2 phases in the hydride sample indicates that the

disproportionation reaction did not occur [13].
Table 4 e The amount of each crystalline phase and fitting par

sample Phase abunda

Main phase

Hydrogenation sample Zr2FeH5 Zr2CoH5 ZrH2

55.50 18.68 11.15

a Final weight av. Bragg R-Factor.
Fig. 8 illustrates the SEM micrographs of the Zr2(Co0.5-

Fe0.2Ni0.2V0.1) alloy particles before and after the hydrogena-

tion process at differentmagnifications. In the as-cast sample,

SEM images revealed a brittle fracture surface. Hydrogenation

is led to the appearance of some micro crack in the surface of

the alloy, which can be attributed to the expansion of lattice

parameters due to the hydrogen absorption process.

Cyclic durability

The powder of Zr2(Co0.5Fe0.2Ni0.2V0.1) submitted to hydrogen at

the pressure of 2.65 bar after activating process until the hy-

dride formation in the alloy is completed. In the first cyclic

test, excess hydrogen was removed from the hydride-

containing reactor by a vacuum pump. The hydride heated

through a programmable oven up to 840 K with the heating

rate of 5 K/min and then cool down to room temperature. The

changes in stored hydrogen in the alloy were recorded and

cyclic tests, as described above, were performed for ten ab-

sorption/desorption cycles (as shown in Fig. 3). It is observed

that the hydrogen capacity in the first cycle is decreased from

2.1 to 1.3 wt% as temperature increased. During the cooling

step, the sample reabsorbs hydrogen up to 1.6 wt%.

The capacity variation during the second cycle significantly

decreases (less than 8%) from the first one and remains almost

constant in the third cycle and after that.
ameters from Rietveld refinement analysis. Rwp ¼ 9.89

nce (wt.%) Error

ZrFeVH3.6 Zr3CoH6.88 Av.ReFa Chi2

10.78 3.89 2.5 2.3
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Fig. 8 e SEM micrographs of the Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy particles (a) as-cast (b) hydrogenation sample.
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In order to gain a better insight into the capacity degra-

dation in the initial cycles, consecutive absorption kinetic

measurements were performed. The desorption step for

each kinetic curve was carried out at 700 K for 2h under a

dynamic vacuum, as explained in the activation section. The

result is presented in Fig. 9. In the first cycle, the hydrogen

absorption starts after an incubation period time of about

12 s and reaches 2.1 wt% as themaximumhydrogen capacity

after about 2 min. The second absorption takes place

without any delay time and reaches a saturation value

(1.73 wt%) in 38 S, showing a very fast kinetic absorption

behavior of this activated material. The capacity reaches

1.6 wt% in the third cycle, and the kinetic of absorption in

this cycle is as fast as for the second cycle. At the higher

cycles, the capacity reached an almost stable value of about

1.58 wt%.

The reduction of hydrogen capacity in the first cycles can

be of several reasons: First, zirconium-base alloys have a high

affinity for hydrogen absorption and therefore inherently very

stable. For instance, the plateau pressure of hydrogen ab-

sorption is less than 0.1 atm in most of these alloys [8,9,18],

and complete hydrogen desorption is not possible without
Fig. 9 e Hydrogen absorption/desorption content as

temperature changes during 10 cyclic measurements.
applying high temperatures and high vacuum pumping. Sec-

ond, disproportionation reaction and degradation of zirco-

nium alloys are common phenomena in these types of alloys

that lead to forming highly stable phases and non-absorbing

compounds [18,20].

Fast kinetics of hydrogen absorption in the second and

higher cycles is ascribed to reducing the particle size.

Hydrogen absorption and desorption cause cracking in the

surface area of particles due to the expansion and contraction

of the lattice parameter. As the particle size decreases, the

surface area of the alloy increased, and subsequently,

hydrogen penetrates more easily into the alloy [38]. At the

higher cycles, reaching a maximum absorption takes place in

a longer time, while themaximumabsorbed hydrogen value is

almost the same (ref. Fig. 10). In fact, the smaller particle size

and pulverization deteriorated the heat and mass transfer

during absorption and consequently decreased the kinetic

performance [39].

XRD profiles after 2, 4, and 6 cycles of hydrogen absorption/

desorption kinetics are shown in Fig. 11. The hydride phase

(Zr2MH5 M ¼ Co or Fe) having tetragonal symmetry appears in

all cycles. The diffraction peaks of this phase became sharper

and shifted to the higher angles with more absorption/

desorption cycle, indicating that the crystal structure of this

phase is refined and the sample more pulverized.

In addition to Zr2MH5 with tetragonal symmetry as the

main phase, some peaks assigned to the secondary phases

such as ZrH2, ZrFeVH3.6, and Zr3CoH6.6 found in the XRD

pattern. The intensity of these phases (2q ¼ 32.14, 34.9, 38.6)

increased from the second cycle to the fourth cycle and then

remained almost unchanged. By considering this fact and also

the stability of the maximum hydrogen capacity after fourth

absorption/desorption cycles, as shown in Fig. 10, it may be

concluded that the generation of these secondary phases is

responsible for the degradation of hydrogen capacity. Among

the stable phases, ZrH2 is a highly stable phase that de-

composes at temperatures above 973 K [40]. Another hydride

phase based onZreV is also a stable phase that adding Fe atom

to its structure (in our case ZrFeVH3.6) facilitates the release of
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Fig. 10 e Hydrogen absorption kinetic curves of the sample

during 10 cyclic tests. Inset: the variation of maximum

capacity during 10 absorption/desorption cycles.
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hydrogenand reducing the stability of the hydride phase in the

sample [41]. The hydrogen stored in these phases cannot be

desorbed in our experimental conditions (<10�2mbar and

700 K). Therefore, degradation of hydrogen capacity could be

observed. The stability of hydrogen absorption capacity after

fourth cycles and absence of ZrM2 phases (M ¼ Co, Ni, and Fe)

in XRD patterns, clearly indicating that Zr2(Co0.5Fe0.2Ni0.2V0.1)

alloy is a valuable candidate for anti-disproportionation

properties which is fantastic for application.
Kinetic curve and activation energy

The first hydrogen absorption kinetics of the sample was

carried out at different operating temperatures from 273 K to

795 K after the same complete activation process (2 h at 700 K).

The maximum hydrogen capacity decreases almost linearly

by increasing the temperature from 2.1 to 1 wt%, as shown in

Fig. 12. This effect can be attributed to the reversible absorp-

tion/desorption of hydrogen from the alloy surface [38]. The

reaction kinetics of Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy was analyzed

using different kinetic models [42] and the method described
Fig. 11 e XRD patterns of the Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy a) after 2

cycles at room temperature.
by Ref. [43]. The kinetic data were recorded after three ab-

sorption/desorption cycles to minimize the effects of particle

size distribution and surface protective layers on the particles.

Hydrogen immediately penetrates the alloy without any in-

cubation time. The nature of the kinetic curves in all tem-

peratures (Fig. 12(b)) is similar, but the time for reaching the

saturation is shorter at elevated temperature, as expected.

Fig. 12(b) shows the hydrogenation reacted fraction (z) as a

function of time. The reacted fraction, z, is obtained from the

ratio (PeP(t))/(PeP∞), where P, P(t) and P∞ are the initial pres-

sure of the reaction, the pressure at reaction time t and at final

equilibrium, respectively. The experimental kinetic data can

be described successfully by a second-order reaction kinetics

equation [44]:

ð1=ð1� zÞÞ � 1¼kt (1)

where k is the reaction rate constant. The plots of (1/(1-z))-1

versus t at different temperatures and their linear fits are

shown in Fig. 12 (c). The values of the goodness of the fit (R2

correlation coefficient), are very close to 1, which indicates

that this model is suitable for the description of hydrogen

absorption kinetics of Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy. In the

second-order reaction model, the kinetic reaction is supposed

to be simple and homogeneous and the reaction rate is pro-

portional to the square of the concentration of absorbent [44].

The apparent activation energy (Ea) for a typical hydrogen

kinetic reaction can be determined using the Arrhenius plot

[ln(k) vs. 1000/T], as presented in Fig. 12 (d).

The activation energy of hydrogen absorption has been

found to be 10.11 kJ/mol.

Comparing this value with the activation energy of the

standard alloys and some other alloys (Table 5) shows that

the energy required to start the hydrogen reaction in Zr2(-

Co0.5Fe0.2Ni0.2V0.1) alloy is low, and, as a result, the kinetics

of hydrogen absorption is very fast, as experimentally

observed.

Temperature dependence and disproportionation effect

The final experiment was carried out to find the hydrogen

desorption behavior of Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy at high

temperatures. One aspect of this experiment was finding the
cycles, b) after 4 cycles and c) after 6 absorption/desorption
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Fig. 12 e a) the first hydrogen absorption kinetics of Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy at various temperatures after subjecting

2.65 bar hydrogen pressure, Inset: The value of maximum hydrogen capacities versus temperature. b) Kinetics of hydriding

reaction after three absorption/desorption cycles. c) Plots of [1/(1-z)-1] vs. time for hydriding reaction at various

temperatures and their linear fits. d) calculation of apparent activation energy.
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temperature dependence of the disproportionation phenom-

enon. In order to reach this goal, we modified our homemade

apparatus by replacing a quartz tube reactor instead of the

stainless steel one because of heating the sample to 1300 K. A

thermocouple type-k, fixed on the end of the quartz tube for

measuring the local temperature around the sample instan-

taneously. After the activation process, the hydrogen was

gradually injected into the reactor until the alloy is completely

hydride at room temperature. The hydride was heated up to

1300 K and then cooled down to room temperature at a rate of

5 K/min heating and cooling rate.
Table 5 e The hydrogen capacity and apparent activation ener

Intermetallic alloy Max
c

Very stable hydride Zr0.9Ti0.4V1.7

A2B hydrides Zr2(Co0.5Fe0.2Ni0.2V0.1)

Zr2Ni

Zr2Fe

Standard hydride LaNi5
Are Stable hydride (Zr0.7Ti0.3)1.04Fe1.8V0.2

(Ti0.85Zr0.15)1.1Cr0.925MnFe0.075
MgH2
Fig. 13 represents, in a double-Y plot, the hydrogen

desorption of hydride and the temperature of the sample

and time elapsed since the start of the experiment. The

amount of hydrogen inside the sample began to drop

immediately after starting the heating process and it

decreased almost linearly with temperature until reached

T ¼ 783 K. After that, the hydrogen capacity increases

slightly up to 825 K and then decreases again. This behavior

is probably related to the disproportionation reaction be-

tween A2B phases (Zr2Co, Zr2Ni, and Zr2Fe) and hydrogen.

Similar fluctuations in hydrogen absorption capacity have
gy for some intermetallic hydride.

imum hydrogen
apacity (wt%)

Apparent activation
energy (kJmol�1)

Ref.

2.7 (at 298k) 4.56 [45]

2.1 (at 273k) 10.11 This study

1.94 12.48, 21.02 and 32.98 in

three stage of kinetic reaction

[8]

1.88 e [24]

~1.4 27.7 [46]

1.51 (at 273k) 34.5 [47]

1.54 52.9 [48]

~4 158 [49]
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Fig. 13 e The temperature-programmed hydrogen

desorption of Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy.
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been reported for binary alloys Zr2Co, Zr2Fe, and Zr2Ni at 760,

800, and 840 K, respectively [20]. A significant change in the

slope of hydrogen capacity is observed at 973 K, which is

related to the formation of the ZrCo2 phase [22]. At higher

temperatures up to 1300 K, some other reactions took place

that can be seen from the change in the slope curve of

hydrogen capacity. These reactions probably are related to

the re-disproportionation reaction [20].

By increasing temperature from 1148 to 1300 K and vice

versa, it is noticeable that the curve has a symmetric behavior.

This means, all the reactions that take place in the hydrogen

desorption part (heating stage), are reversed at the same

temperature with an equal rate in the hydrogen reabsorption

part (cooling stage). Therefore, in this part of the diagram, no

unwanted reactions have occurred. In other words, the re-

actions in this area are related to decomposition of the stable

phases and their re-formation, respectively. In the cooling

stage, after 900 K, the slope of the hydrogen uptake decreases

significantly. Probably hydrogen absorption and dispropor-

tionation reaction occur simultaneously during the cooling

process. As a result, after cooling the sample to room tem-

perature, the amount of hydrogen absorbed in the sample is

lower than that of the initial point.
Conclusion

Here, for the first time, we have synthesized the Zr2(Co0.5-
Fe0.2Ni0.2V0.1) intermetallic alloy by arcmeltingmethod. It was

found that it is a good storage material, which is absorbed

hydrogen and, perhaps, its isotopes at ambient conditions.

The following results were obtained from this study:

1. structural analyses of the Zr2(Co0.5Fe0.2Ni0.2V0.1) alloy show

a multiphase structure, that the dominant phases are

Zr2M, (M¼ Co, Ni, Fe, or combination of them), which are in

agreement with the results determined by M€ossbauer

spectroscopy.

2. The effect of heating temperature, time of heating, and

applied pressure on the activation process examined. It
was found that the optimum activation time is 2 h, and the

optimum pressure is about 2.65 bar.

3. This alloy has a high hydrogen absorption kinetics rate

(saturation time is less than 30 s), and high hydrogen ca-

pacity of about 2.1 wt% at room temperature in the first

hydrogen cycle. The mechanism of hydrogen kinetic re-

action in this alloy is the second-order reaction and its

activation energy is found to be 10.11 kJ/mol.

4. The amount of hydrogen stored in the alloy decreases

significantly (about 25%) in the first to third absorption/

desorption cycles and then becomes almost constant. The

stability of hydrogen capacity and the absence of Zr2M

(M ¼ Co, Ni, and Fe) phases indicating that Zr2(Co0.5Fe0.2-
Ni0.2V0.1) alloy has a good anti-disproportionation property.

Hydrogen-induced disproportionation took placed at a

temperature of 783 K.
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