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This work presents an in-depth investigation of different techniques used to accurately

determine pressure-composition isotherms (pcI) as well as thermodynamic and kinetic

parameters of metal hydrides. A case study is presented for an alloy of the type LaNi5. The

results combine experimental measurements with theoretical modeling. Firstly, the nu-

merical work presented discusses a numerical method for the evaluation of pcI raw data in

order to minimize the experimental error. A simple, efficient iterative algorithm is pre-

sented to solve for the van der Waals equation of state in order to take into account the

compressibility of hydrogen. Secondly, the measurements of dynamic (mass-flow) and

quasi-static (Sievert's type) isotherms at different temperatures and different flow rates are

presented. The dead volume of the apparatus as well as its experimental error, which is key

parameter for the accurate calculation of hydrogen capacity, are also measured. Finally,

important thermodynamic and kinetic parameters are deduced from the pcI curves. The

kinetics of the absorption and desorption reactions are modelled and the reaction rate

constants are found using both dynamic and quasi-static methods. The presented work

goes beyond the calculation of the entropy and enthalpy of reaction, as the lattice gas

model is also used to determine the critical temperature as well as the interaction energy

between hydrogen-metal atoms and hydrogen-hydrogen atoms.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Renewable energy sources such as wind and solar are sought

to gradually replace conventional, fossil-based energy sour-

ces. However, there is a need for large-scale energy storage

technologies in order to enable a successful transition
nologies.com (P. Canjura

ons LLC. Published by Els
towards renewable energy. Hydrogen is seen as a promising

energy carrier with multiple advantages such as the absence

of greenhouse gases emissions and no net uses of natural

resources. The biggest challenge in hydrogen technologies,

however, consists in storing this gas efficiently, safely and at a

high density [1e6]. Several methods exist for the storage of

hydrogen, such as compressed gas, liquefaction or absorption
Rodriguez).
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in solid materials. Metal hydrides, complex hydrides and

carbon-based materials have emerged as attractive potential

solutions for the storage of hydrogen [7e11]. The advantages

of sorption (adsorption or absorption) materials are several-

fold: first, higher volumetric densities are usually achieved

than conventional (liquid and compressed gas) storage

methods. Second, sorption processes typically occur at low

pressures, thus eliminating major safety risks associated with

the storage under high pressure. Finally, the lack of additional

processes such as compression and liquefaction increase the

round-trip efficiency of the hydrogen cycle and can potentially

diminish the investment costs. However, the experimental

characterization of hydrogen storage materials is quite com-

plex and requires advanced experimental setups and careful

numerical evaluation [8]. For sorption process, several cases of

irreproducibility have been reported in this field [12]. The

characterizationmethods can be divided inmainly threemain

categories: gravimetric, volumetric and Temperature-

Programmed Desorption (TPD) [12]. All these techniques

allow not only the determination of thermodynamic and ki-

netic parameters but are also the cornerstone in the selection

of an efficient material for a specific application [13].

Sorption materials are characterized by a low equilib-

rium pressure and a high volumetric energy density [13,14].

Metal hydrides react with hydrogen and form mainly metal-

hydrogen solid compounds that have up to four times the

volumetric H2 density than liquid hydrogen [10]. The pro-

cess starts with the host metal initially dissolving some

hydrogen as a solid solution, also known as the a-phase. As

the concentration of hydrogen increases in the metal, there

are stronger local interactions between HeH leading to

nucleation and growth of the hydride, also known as b-

phase. There is a critical temperature Tc for the material at

which the transition between a-phase and b-phase is

continuous. At any temperature below this critical tem-

perature it exists a coexistence of the two-phase region

characterized by small pressure variation and a plateau in

the pcI curve. The total storage capacity of the material at a

constant temperature is given the length of the plateau in

the isotherm [15].

This paper focuses on the characterization of the sorp-

tion capacity of metal hydrides. They are one of the most

promising hydrogen sorption materials currently available

at commercial scale and have been studied in multiple oc-

casions [16e20]. This paper presents two different
Fig. 1 e a) Schematic of the AGAS
volumetric methods for their characterization: the quasi-

static (Sievert's type) method and the dynamic (mass-flow)

method. Both methods are compared. The accurate nu-

merical evaluation of the pcI curves is presented, alongside

with a numerical scheme for the efficient solution of the

van der Waals equation of state. Additionally, the kinetic

parameters of absorption and desorption are extracted by

varying the hydrogen flow rate. Finally, the lattice gas

model is presented and the critical temperature as well as

the hydrogen-hydrogen interaction energy are calculated.

Knowing these different characteristics for a given material

is fundamental to create a system for hydrogen storage

depending on different basic conditions such as tempera-

ture, mobility, space and volume constraint. While, the

concepts and experimental analysis of this publication have

been applied to metal hydrides, they are general in nature

and they can be implemented to any other type of sorption

material.

Experimental setup

The experiments were performed on a GRZ AGAS Mano

apparatus. The device allows performing both quasi-static

(Sieverts Type) and dynamic (mass flow) measurements. The

temperature of the sample is controlled in a precision sample

holder with an accuracy of ±1.1 �C throughout the measure-

ment using a thermocouple. The sample temperature range of

the apparatus is 25 �Ce200 �C. The temperature of the sample

holder is controlled with fluctuations of less than ±0.2 �C. The
data is recorded in a 2-s interval. The working principle of the

GRZ AGAS Mano device is shown schematically in Fig. 1

alongside a picture of the apparatus. The flow rate of

hydrogen can be controlled in the range of 0e5 Nml/min using

a Brooks SLA5850 Mass flow controller. The pressure is

monitored using a DCT531 sensor from BD sensor with an

accuracy of 0.1% of the full range. The vacuum is monitored

using a Pfeiffer TPG 361 vacuum gauge. The system can

measure isotherms up to a pressure of 100 bar. The sample

holder used is a GRZ high-accuracy sample holder with inte-

grated heating and temperature measurement.

Numerical evaluation

The data obtained from the measurement device at every

time step is the following: flow rate of hydrogen V_, pressure
Mano b) picture of the device.
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Table 1e van derWaals parameters a and b for hydrogen.

Gas a [m6$Pa$mol�2] b [m3$mol�1]

H2 0.02476 2.661$10�5
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p, temperature of the sample Tsample and temperature of the

casing Tcase. In the first step, the flow rate of hydrogen is

integrated numerically over time according to Eq. (1) in

order to obtain the net amount of gas entering or leaving

the system. The total volume of gas Vtot is then converted

into a number of moles ntot according Eq. (2). This number of

moles includes the fraction of gas absorbed by the material

as well as the gas stored in the dead volume of the system.

The evaluation of the hydrogen concentration in the sample

is performed following Eqs. (3)e(6). The critical step is the

calculation of the amount hydrogen stored in the dead

volume of the system. In many instances, the correction is

made using the ideal gas law e or even neglected. This

approach might lead to significant errors at higher pres-

sures, as shown in Fig. 2. The numerical routine shown in

Eqs. (4) and (5) solves the van der Waals equation of state

(EOS) explicitly and converges within less than 6 iterations

with an overall relative error smaller than 1 � 10�6 as

shown in Table 2. The parameters for hydrogen to be used

in the van der Waals equation are summarized in Table 1.

VtotðiÞ ¼
ZtðiÞ
0

_Vdt ¼
Xi

i¼0

_ViDt (1)

ntotðiÞ ¼ VtotðiÞ
v

(2)

ntotðiÞ ¼ nabsðiÞ þ nDVðiÞ (3)

nð0Þ
DV ¼ p

�
VD � VSample

�
RT

(4)

nðiþ1Þ
DV ¼

p
�
VD � VSample

�þ an2
i

��
VD � VSample

�� abn3
i

.�
VD � VSample

�2
pbþ RT

(5)

cH2
¼ nabsMH2

mSample þ nabsMH2

$100 (6)
Fig. 2 e Comparison of the pcI evaluation with the ideal gas

law (blue) and the van der Waals equation of state (red).

(For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this

article).
Results

Dead volume calibration

As seen in the previous section, the accurate determination of

the dead volume of the system is a critical parameter for the

calculation of the sorption capacity. The inaccurate consid-

eration of the amount of gas stored in the dead volume of the

system has led to several cases of irreproducibility [12]. The

AGAS Mano dead volume was measured using the mass flow

method at a flow rate of 5 Nml/min.

The internal dead volume was measured multiple times in

order to calculate an average standard deviation for the ab-

sorption and desorption and the measurement. These were

found to be 0.4% and 1.0% respectively. The results of these

different measurements are shown in Fig. 3. A substantial

difference in the dispersion of the results for the absorption

and desorption measurements are noticed in Fig. 3. This

behaviormay be attributed to the different pressures at which

the dead volume measurement was started. While all the

absorption measurements were consistently started under

vacuum conditions, the desorption measurements were per-

formed at initial pressures that varied from 35 to 50 bar and

varies throughout the measurement.

The volume was measured for absorption and desorption

and the results are reported in Table 3. The difference between

the absorption and desorption dead volumes is the internal

volume of the mass flow controller which was found to be

0.04 cm3.

The dead volume of the system is a key parameter to

determine the minimal amount of sample to be used in a

measurement since the H2 in the dead volume should not

exceed the amount of H2 stored in the sample.

pcI curves using the mass flow method

The measurements were performed on a (LaCe)(NiCoMn)5
commercial alloy. The pcI curves were measured using the

mass flow method at a flow rate of 1 Nml/min per gram of
Table 2 e Convergence of the numerical scheme for the
evaluation of the number of moles stored in the dead
volume.

Iteration n [moles] Dn [%]

p ¼ 200 bar, T ¼ 300 K, V ¼ 50 cm3

0 0.40093 e

1 0.35107 14.203

2 0.34678 1.235

3 0.34643 0.100

4 0.34640 0.008

5 0.34640 6.80 � 10�4

6 0.34640 5.56 � 10�5
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Fig. 3 e a) Measurements of the small dead volume for filling/absorption(*) and b) measurements of the small dead volume

for emptying/desorption(*) were found to be 3.88 cm3 with an average standard deviation of 0.4% and 3.92 cm3 with an

average standard deviation of 1.0%, respectively.

Table 3 e Different Dead volumes found using the mass
flow method under different configurations.

Configuration Dead Volume [cm3]

Internal Dead Volume, Absorption 3.88 ± 0.02

Internal Dead Volume, Desorption 3.92 ± 0.04
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sample with a total mass of sample of 5 g. The measurement

was carried out at five temperatures ranging from 20 �C to

100 �C and the results are shown in Fig. 4. The Van't Hoff plot is

extracted from the isotherms and shown in Fig. 5. The

enthalpy of reaction is calculated to �26.7 ± 1 kJ/mol (ab-

sorption) and 28.2 ± 1 kJ/mol (desorption). The entropy of re-

action is calculated to �101.0 ± 5 J/mol-K (absorption) and
Fig. 4 e a) Absorption and b) desorption isotherms at 20 �C (black

(For interpretation of the references to colour in this figure legen
101.8 ± 5 J/mol-K (desorption). The errors were estimated from

the linear regression fit obtained from the Van't Hoff plot.

An interesting feature of the mass-flow method is the

possibility to perform the measurements at different flow

rates, and then extrapolate the results to zero-flow rate in

order to obtain the “true” equilibrium results. The isotherms

at different flow rates and the corresponding extrapolation to

zero-flow for the equilibrium pressure are shown in Fig. 6.

From this figure, it can be observed that the “true” equilibrium

pressure for absorption is higher than the “true” equilibrium

pressure for desorption. This phenomenon, known as hys-

teresis, has been widely investigated by Flanagan et al., Qian

and Northwood and Tanaka [21e24]. As the flow rate is

increased, the hysteresis effect also increases as it can be

noticed in Fig. 6b. This difference is due to the kinetic effects
), 40 �C (blue), 60 �C (cyan), 80 �C (magenta) and 100 �C (red).

d, the reader is referred to the Web version of this article).
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Fig. 5 e Van't Hoff plot derived from the isotherms for

absorption (red) and desorption (blue). The enthalpy of

reaction is calculated to ¡26.7 kJ/mol (Absorption) and

28.2 kJ/mol (Desorption) and the entropy of reaction is

calculated to ¡101.0 J/mol-K (Absorption) and 101.8 J/mol-

K (Desorption). (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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that increase as the flow rate used in the measurement is

increased.

pcI curves using the sieverts (quasi-static) method

The Sieverts method is a sequential process where a filling or

draining of two connected volumes takes place. As a first step,

the reference volume is filled up until it reaches a pressure pi.
The second volume, which is where the sample is place, is

then put in contact with the first volume via the opening of a

connecting valve. Once the pressure is stabilized, the con-

necting valve is closed and the pressure is recorded as the

equilibrium pressure peq. The process is repeated until the
Fig. 6 e a) Isotherms at different flow rate for absorption at 5 N

flow extrapolation (black) and for desorption at 5Nml/min (red)

Extrapolation to zero-flow for the calculation of the “true” equi

(For interpretation of the references to colour in this figure legen
equilibrium pressure reaches a given value. The desorption

measurement is made by an inverse procedure where the

valve connected to vacuum is opened to pump out the volume

of the sample. The numerical evaluation for this method is

analog to the one presented in the previous section. The pcI

curve obtained using the Sieverts method is shown in Fig. 7

alongside with the pcI curve obtained using the mass flow

method. As it can be observed there is a difference between

the plateau pressure found in the Sieverts and mass flow

method. The low plateau pressure measured in the Sieverts

mode, which is closer to the true equilibrium value, is due to

the reduction of kinetic effects.

An overview of the different advantages and disadvantages

between the two different methods are shown Table 4.

Determination of the kinetic parameters

The first study on the kinetics of alloys of LaNi5 was made by

Boser in which a constant volume apparatus was used [25].

Since then, the kinetics of the hydrogenation reaction of

different variations LaNi5 alloys under different conditions.

On one hand, purely numerical and simulations have been

made [17,26,27]. On the other hand, experimental methods at

variable pressure conditions and constant pressure made by

Suda et al. [28] and Miyamoto et al. [29]. The latter work re-

ported values for the reaction constant at 40 �C of 0.01 s�1 and

activation energies of 32.7 kJ/mol H2. However, no study has

modelled and deduced the kinetics of the reaction from the

pcI curves measurements at different flow rates. This work

will address this gap. The pcI curves found using the mass

flow method shown in the previous section were used to

determine the kinetic parameters of the hydrogen sorption

reactions. The following assumptions were taken in consid-

eration. Firstly, since the flow consists of pure hydrogen, there

are no diffusion limitations in the gas phase of the reaction.

Secondly, the rate of absorption and desorption may be
ml/min (green), 3Nml/min (yellow), 1Nml/min (cyan), zero

, 3Nml/min (blue) and zero flow extrapolation (black). b)

librium pressure for absorption (blue) and desorption (red).

d, the reader is referred to the Web version of this article).

https://doi.org/10.1016/j.ijhydene.2019.03.224
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Fig. 8 e Graphical representation of the absorption

phenomena for a metal in the two-phase region. The

driving force for the absorption is the gradient between the

applied hydrogen pressure and the equilibrium pressure.

Fig. 7 e The dynamic (mass-flow, black) measurement and

the quasi-static (Sievert's type, red) measurement are

compared. Because of kinetic effects, the equilibrium

pressure measured in the quasi-static mode is lower than

the pressure measured in the dynamic mode. (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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described at any hydrogen concentration within the two-

phase region using the formula (7). This formula is a first

approximation in which the rate of the reaction is determined

by a linear mass transfer from the metal surface to the a-

phase/b-phase interface. A graphical representation of this

phenomena is shown in Fig. 8.

rabs=des;H2
¼ kabs=des

����peq � p
���� (7)

The rate of absorption can be considered proportional to

the rate of hydrogen supply since the two-phase region is

characterized by only a small variation of the pressure in the

system [16]. In fact, the portion of the flow of hydrogen supply

that does not react with the metal hydride is relatively con-

stant and may be defined as a factor f. For this system, this

constant f represents 8% of the initial flow rate. Therefore, the

rate of absorption in the system may be written as shown in

Eq. (8) and Eq. (9).

rabs=des;H2
¼ vnabs=des

vt
¼ ð1� fÞ pn

RTn

_V (8)
Table 4 e Comparasion of the two volumetric characterization

Method Advantages

Sieverts

(quasi-static)

� Reduces the kinetic effects and therefore a closer

pressure of equilibrium is found in a single

measurement

Mass Flow

(dynamic)

� The measurement only requires an initial set-up a

no additional usermanipulation nor activemonitor

� The time for measurements can be as low as half

that using the Sieverts method

� Continuous data acquisition results in a smooth cu
_V ¼ kabs=desRTn

ð1� fÞ pn

�
peq � p

�
(9)

The value of kabs may be obtained at each point of the

plateau using the slope of a linear extrapolation similar to

the one made for the plateau pressures shown in Fig. 6. The

different rates of absorption and desorption were calculated

along the two-phase region and the results are shown in

Fig. 9 and Fig. 10. The absorption rate constant was found to

be 2.6 � 10�11 mol s�1 $Pa�1 with average standard deviation

of 3%. Similarly but under a slightly reduced range con-

centration range of 0.1e1 %wt, the average desorption rate

constant found was 2.5 � 10�11 mol s�1 $Pa�1 with an

average standard deviation of 11.0%. This range was

selected to better match the desorption plateau pressures

observed in Fig. 6. Two quite distinct behaviors were

observed for the absorption and desorption reactions rates.

On one hand, the absorption rate constant remained rela-

tively constant for all hydrogen concentration with an

average standard deviation of 2.5%. On the other hand, the

desorption rate constant decreased as the concentration of

hydrogen decreases in the two-phase region. Therefore, the

first approximation for the diffusion of hydrogen shown in

Eq. (9) does not properly describe the process of desorption.

This could be due to the constraint that the system has in
methods studied.

Disadvantages

� User interaction required at each step, increases the possi-

bility to human error and demands active monitoring

� Sequential measurement method; no continuous curve

� Longer time for measurement (up to 2x as compared to

dynamic)

nd

ing

of

rve

� Measurements at high flows determines plateau pressures

with a relative error of up to 20% due to kinetic effects.

https://doi.org/10.1016/j.ijhydene.2019.03.224
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Fig. 11 e The pressure evolution at a single step of the

Sieverts method (red). The behavior may be fitted as an

exponential decay from the initial pressure in the

reference volume Vref to the equilibrium pressure in the

overall volume Vfinal (blue). (For interpretation of the

references to colour in this figure legend, the reader is

referred to the Web version of this article).

Fig. 9 e Rate constants for absorption calculated using the

mass flow method over the plateau-region for the alloy

(LaCe)(NiCoMn)5 at 40 �C (blue). The average absorption

rate constant was found to be 2.6 £ 10¡11 mol¡1Pa¡1(red)

and an average standard deviation of 5.1%. (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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the desorption mode, in which there is a maximal pressure

gradient set by the minimal physical attainable pressure

which is 0 and consequently the pressure gradient cannot

linearly progress with the reaction rate but rather has a

decaying behavior.

The kinetics of the reaction may also be studied using the

data obtained for the Sieverts method. The rate of absorption

and desorption may be described using Eq. (7). The behavior

observed in pressure at each step of the Sieverts method may

be modeled as an exponential decay from the initial pressure

in the reference volume Vref to the equilibrium pressure in the

overall volume Vfinal as shown in Eq. (10). Similarly, the change

of pressure drop at each time can be described using Eq. (11).

This approximation was made for 5 different points in the
Fig. 10 e Rate constant for desorption calculated using the

mass flow method over the plateau region for the alloy

(LaCe)(NiCoMn)5 at 40 �C (blue). The average desorption

rate constant found was 2.5£ 10¡11 mol s¡1 Pa¡1 (red). The

desorption rate constant exhibits a decreasing behavior

with an average standard deviation of 11.4%. (For

interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this

article).
plateau area of the pcI curve and one of the fittings is shown

Fig. 11.

Dp ¼ ae�bt (10)

vDp
dt

¼ �abe�bt (11)

This change in pressure may be linked to the rate of the

reaction since the number of moles absorbed is the difference

between the initial moles at the referral volume and the final

moles in the total volume. Hence, the change in the number of

moles is proportional to the change in the pressure drop as

shown in Eq. (12).

vnabs

dt
¼ vnVref

� vnVfinal

dt
¼ vDp

dt

�
Vref � Vfinal

�
RT

(12)

Thus, by substituting Eq. (11) in Eq. (12) and comparing it to

Eq. (7), kabs can be defined as shown in Eq. (13). The value of kabs
may be calculated at different points within the two phase

region and the results are shown in Fig. 12

kabs ¼ b

�
Vref � Vfinal

�
RT

(13)

These values are consistent with the ones found for the

rate constant using themass flowmethod since the average of

the rate constant found in the Sieverts method only varies

0.6% from the average found in the mass flow method.

Lattice gas model and HeH interaction energy

The lattice gas model considers the alloy as a lattice of the

metal atoms and the hydrogen to be placed in the interstitial

sites as a mobile free gas H atom. The simplest mean-field

description of a lattice gas considers only the interaction of

the nearest neighboring atom. The zero energy is taken as the

zero energy of a single H-atomoutside themetal and therefore

the energy of dissolved hydrogen atoms may be written as

shown in equation (14).

https://doi.org/10.1016/j.ijhydene.2019.03.224
https://doi.org/10.1016/j.ijhydene.2019.03.224


Fig. 12 e Rate constants for absorption calculated using the

Sieverts method at five different points in the plateau for

the alloy (LaCe)(NiCoMn)5 at 40 �C (blue). The absorption

rate constant was found to be 2.6 £ 10¡11 mol s¡1 Pa¡1

(red) with an average standard deviation of 7.2%. (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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E ¼ NHε0 þNHHε (14)

Where, NH is the total number of sites occupied by H-

atoms, NHH is the total number of nearest neighbor H-pairs,

and ε is the HeH pair interaction and the energy level of the

hydrogen atom outside of themetal. The treatment of the free

energy assuming that the Bragg and William condition that

there is no short range order around hydrogen atoms and that

at thermal equilibrium at the two phase are equal gives the Eq.

(15) that describes the solubility isotherm in the one phase

region.

ln

 
p
p0

�
1� cH
cH

	2
!

¼ 2ε0 � εb þ 2εncH
kT

(15)
Fig. 13 e Solubility isotherms for thea-phaseat 20 �C (black),

40 �C (blue), 60 �C (cyan), 80 �C (magenta) and100 �C (red). (For

interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this

article).
Where cH is the ratio between occupied byH-atom sites and

the total number of sites, εb the dissociation energy of a

hydrogen molecule and n is the number of nearest neighbors’

interstitial sites. The critical temperature is shown in (16) and

it is obtained from the maximum of the temperature as a

function of cH with the critical concentration cH¼cc¼1/2.

Tc ¼ εn
4k

(16)

Using Eq. (15) and the known value of εb ¼ �4.46 eV for the

dissociation energy of a hydrogen molecule, the energy level

of the hydrogen atom outside of the metal and the HeH

interaction energy are calculated to ε0 ¼ 2.12 eV and

εn ¼ �0.28 eV, respectively as shown in Fig. 13. Eq. (16) can be

used to determine the critical temperature. The critical tem-

perature Tc is calculated to 815 K. This critical temperature

may be also calculated using the data found in Fig. 5 and Eq.

(17). The value found was 1800 K. This value does not match

the value found using the Eq. (17). This is due to two main

factors. Firstly, the validity of equation only holds if the Van't
Hoff plots are linear and if the temperature of the measure-

ment are close to the critical temperature. Secondly, the

experimental error expected for the Tc using equation is

333.3 K which corresponds

Tc ¼ DHabs � DHdes

DSabs � DSdes
(17)

Conclusion

A thorough study of the thermodynamic and kinetic proper-

ties of the alloy (LaCe)(NiCoMn)5 has been made via two

different volumetric characterization techniques: the mass

flow (dynamic) and Sieverts (equilibrium) methods. Both

methods allow the accurate determination of the sorption

capacity of the metal hydride with a good reproducibility.

However, there are main differences in the pcI curves ob-

tained that allows the comparison of the different methods.

On one hand, the mass flow method generates a measure-

ment in 2 s intervals that allows smother and continuous re-

sults. This method allows the extrapolation to zero-flow in

order to find the true equilibrium pressure. On the other hand,

the Sieverts method reduces the kinetics effect and therefore

a closer pressure of equilibrium is found in a single mea-

surement. However, the sequential technique requires a

larger number of steps and increases the risk of experimental

uncertainty and the time of the measurement. Additionally, a

wide range of thermodynamic and kinetic properties of the

alloy were determined using the pcI results. Regarding the

thermodynamic characteristics, the enthalpy and entropy for

the absorption and desorption reactions were found to be

�26.7 ± 1.7 kJ/mol and 28.2 ± 1.7 kJ/mol and�101.0 ± 5.1 J/mol-

K and 101.8 ± 5.1 J/mol-K, respectively. The kinetics of the

absorption and desorption reaction were also studied. The

rate of absorption and desorption were modelled using the

diffusion of the gas through the solid. The absorption reaction

matched this model fairly accurately given that the reaction

rate constant was found to be 2.6 � 10�11 mol�1Pa�1 with an

average standard variation of 6%. The reaction kinetics was

https://doi.org/10.1016/j.ijhydene.2019.03.224
https://doi.org/10.1016/j.ijhydene.2019.03.224
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also calculated using the data obtained using the Sieverts

method and the results were consistentwith the results found

using the mass flow method with a difference in average of

0.6%. Furthermore, The lattice gas model was used to deter-

mine, the critical temperature that was found to be 815 K, the

energy level of the hydrogen atom outside of the metal and

the HeH interaction energy that were found to be ε0 ¼ 2.12 eV

and εn ¼ �0.28 eV, respectively. The insight gained will be

further implemented in the development and improvement of

the AGAS Mano device.
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