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Abstract

Hydrogen storage, Differential Volumetric Instrument, Material Modelling, N b3O5 .

In this work an improved methodology for the study of hydrogen storage material
(HSM) is presented, for the characterization of smaller samples of HSM at increased
accuracy. It includes: the realization of innovative differential instrument; a novel
approach to the detailed micro kinetic modelling; increase the comprehension of
absorption and desorption mechanisms; support research efforts in this topic. As side
results, a macro and lumped model for the design of generic hydrogen storage tank
are developed and validated.
The study of a novel IDA (Isochoric Differential apparatus) is presented, describing all
the steps from the initial theoretical approach, to the detailed design and the defini-
tion of an experimental proceeding. It includes the necessary technical improvements
to increase the measure uncertainty compared to the classical SIevert. Novel micro
kinetic modelling for HSM is explained as variation of classic nucleation and growth
model (JMAK model). The nuclei’s growth is assumed to be limited by surface or even
by radius of powder’s particles. Micro modelling is applied on Mg-based material,
introducing high accurate kinetic measures obtained by IDA. This leads to extrapolate
information about kinetic parameters and kinetic mechanisms of hydrogen sorption.
The obtained micro modelling is used as core for the development of a model at a
higher scale (macro) which keeps in consideration also heat and hydrogen diffusion
in porous materials typical in hydrogen storage tank. Experimental data collected by a
prototipal realization of hydrogen storage tank are used to validate macro modelling.
Moreover, a lumped model is developed with the scope to built a numerical tool able
to give preliminary indications on proper design/layout of hydrogen storage tank,
based on hydrogen flow, temperature or pressure requirements. Lumped modelling is
finally compared with results by the numerical simulation of validated macro model.
Finally, micro kinetic model is applied on high accuracy sorption data (by IDA) on
innovative catalysed Mg-material. Material is produced by a novel approach, where
catalyst, N b2O5, is deposited by PVD techniques at extremely low concentration on
the surface of powder to exploit its higher catalyst proprieties.
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ẑ Growth direction of nuclei, superficial 2

−→v Velocity of gas

Cs Specific heat

k Constant rate

n JMAK coefficient

N0 Total number of available nucleation site

R0 Radius of particle

t Time

V (t ) Reacted fraction volume formed at time t

Va Expansion volume of sample’s side

Vex Extended Total Volume of particles

Vtot Total Volume of particles

Z Compressibility factor

n Moles (1st Chapter)

G Growth rate of nuclei

I Nucleation constant rate

R Universal gas constant

S Heat Source

Subscripts

xiv



Nomenclature

conn Refereed to connections and pipes.

e f f Effective term

ex Extended

M g Reference to Magnesium.

M g H2 Reference to magnesium hydride.

0 Initial state

a Refereed to sample side

b Refereed to reference side

cl Closing valve state

el Ellipsoid

eq Equilibrium state

f Final state

in Intial state (refereed to gas loading in volumetric procedure)

iso Isothermal condition

max Maximum allowed value

t State at time t

w Working condition

Superscripts

i Cycle i

i- Cycle i-1

xv





1 Introduction

1.1 Energy scenario

Nowadays, the growth of world population, the increasing energy demand combined
with the acclaimed climate changes require proper and timely responses. A new sys-
tem in acquired since the current model is overall considerably under environmental
and even from the economic point of view. This vision is confirmed by the milestone
COP21 Paris agreement on December 2015, where many countries recognise the com-
mon importance of energy technology and innovation in meeting climate objectives,
as reduction of CO2 emission and leverage of energy efficiency. [1] In the last decades,
several actions have been taken to gradually substitute the actual energy production
based on fossil fuel more environmentally friendly sources. In this context,renewable
energies globally grew by 5 % in 2015, supported by public policies there are driven by
energy security, environmental and climatic issues. In the same year (2015), renewable
generation, driven by on shore wind and solar photovoltaic plants, achieved the 23 %
of total electricity generation, mainly distributed in China (23 %), European Union (17
%) and United State (11 %)[2, 3].
However, the aleatory nature of renewable sources, combined with their relatively
rapid introduction on the electric network, can have periods of surplus and deficit,
which may be different from region to region. Moreover, variable generation as a result
of weather changes can lead a rapid transition in output supply which instantaneously
unbalances electricity grid. This is limiting renewable sources in within the electric
market, posing several limitations and complications to the penetration of further
renewable plants in the electrical grid. In this context, energy storage is generally
accepted as one of the technological solutions to combine unpredictable renewable
sources with the energy demand. Moreover, an innovative and more performing
storage system should allow the management of actual renewable production, as
well as pushing forward the development of smart cities and communities. The most
common storage technologies can be divided in: electrochemical batteries (lead-acid,
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Chapter 1. Introduction

lithium, flow batteries, et.), mechanical storage technologies( pump hydro, com-
pressed air, etc) and hydrogen storage.[4]
Hydrogen storage is considered one of the most prominent for many reasons: it has a
large amount of chemical energy per unit mass (142 M J/kg compared to 50 M J/kg
of gasoline), low-carbon footprint with the potential to strongly reduce energy-related
CO2 emissions, higher flexibility as energy carrier and the possibility to be produced
from a large variety of feedstocks. These include fossil fuels (as natural gas and coal)
as well as renewable resources, via proper production processes as steam reforming,
photo-catalyst or thermally activated conversions. Furthermore, hydrogen can be di-
rectly generated from electricity and water, stored in large amounts over long periods
and re-transformed again to electricity (via power-to-power system, P2P). Moreover,
it can be mixed with the natural gas into gas grid (Hydro-Methane) or converted to
synthetic methane (via power-to-gas, P2G) or even directly used as fuel for fuel cell
electric vehicles (FCEV ) in the automotive sector (via power-to-fuel process). In
summary, hydrogen has the potentiality to connect different energy grids and thus
increase the operational flexibility of future low-carbon energy systems. [5]
Despite of great potentialities, the performance of hydrogen storage systems is the
real bottleneck for the realization of a self-sustainable hydrogen utilization. This is
directly correlated to the extremely low gas density at standard condition (0.08 g/l).
For this reason, researches are concentrating a lot of efforts on this topic since many
times. US Department of Energy (DOE) in agreement with automotive industry has
released several storage capacity’s targets for the hydrogen storage system [6] which
are the most diffused criteria to compare the performance of hydrogen storage system.
For 2020, gravimetric density target is 1.8 kWh/kg (correspondent to hydrogen gravi-
metric density of 5.5 % w/w) with a ultimate target of 2.5 kWh/kg (7.5 % w/w hydrogen
/hydrogen stored system). Similarly even volumetric density target is fixed (2020: 0.04
kg/l and ultimate: 0.07 kg/l) with proper target values for minimum lifetime, refilling
time and working parameter such as pressure and temperature. [7–9]
Three main methods exist to store hydrogen gas at elevate volumetric and gravimetric
density: compressed vessel, cryogenic liquid tank and solid state material. Bench-
marking actual fuels (e.g. methane, natural gas), compressed hydrogen storage is
standardized at pressure of 70 MPa at the current state of art. However, Gray [10]
demonstrated as 2020 DOE’s target can be achieved only with hydrogen pressure at
255 MPa, without considering vessel weight. Moreover it has to be considered that
compression step at 70 MPa consumed a equivalent energy amount equivalent to 15
% of stored hydrogen, with an increment of energy consumption at higher pressures.
Secondly, liquid hydrogen storage consists of hydrogen in liquid state, cooling down it
at 20.3 K or below critical temperature (32.9 K). Hydrogen liquefaction process con-
sumes the 30 % of stored chemical energy in the chemical bond of H −H , hydrogen.
Moreover, heat leaks result in the continuous evaporation of liquid H2 and so the
pressurization of liquid storage tank, which has to be vented at regular interval. This
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1.1. Energy scenario

means a continuous losses of stored hydrogen (evaluated around 0.5 % daily by Broom
[7], de Witt and Faaij [11]).
The last approach regards the hydrogen storage in solid state material. Nowadays,
HSMs (hydrogen storage material) report, in many cases, the best performance about
gravimetric and volumetric density (higher than compress and liquid storage). There
are many other types of potential hydrogen storage materials, including metal hy-
drides, complex hydrides and microporous materials, and many others are under
investigations. HSMs can be categorized by operating temperature and pressure or
by mechanism through which they adsorb (on the surface) or absorb (in the bulk of
materials) hydrogen, fig. 1.1.
Speaking about metal hydride materials, some commercial applications based on

Figure 1.1: Gravimetric capacity and typically working temperature for several HSMs [12].

Mg or LaNi5 [13, 14] already exist. However they don’t still reaching DOE’s target, and
present much of a problematic: elevate enthalpies of reaction and subsequent low
working hydrogen pressure as well as low kinetic of reaction. So, notwithstanding
the advantage exposed about hydrogen storage approach, many issues still obstacle
their full commercial diffusion and reducing industrial performance and not fully
penetration in energy sector.
For these reason, the researches for new hydrogen storage materials are currently re-
ceiving a great deal of attention from the scientific community. The ultimate aim is to

3



Chapter 1. Introduction

develop a material that properly replies to the requirements of real hydrogen storage
system in particular for automotive sector, where it needs to store large amounts of
hydrogen in a light, safe and compact complete storage system.

Finally, public funding program plays a relevant role in this context. European innova-
tion initiative proposed within before by Seventh Framework Programme and now in
Horizon 2020, financially support several funding activities addressed to transfer of
the scientific results to the industrial application through proper prototyping step and
innovation actions, in order to rapidly commercialize and spread hydrogen technolo-
gies. The final purpose of European commission is the approach of the real hydrogen
economy.

1.2 State of art and Motivation

Hydrogen storage materials (HSMs) have been study have been for a several number
of years. Palladium was the first material described as able to absorb considerable
amount of hydrogen gas by Graham [15] in the 19th century. Only around since the
mid-1900s, many other HSMs were investigated by Sievert [16–18], which even real-
ized one of the first volumetric instrument, still used today for the characterization of
HSM and gas sorption in general. In the same period, Avrami published its theoretical
approach for the kinetics modelling on phase transformation, based on nucleation
and growth mechanism, widely applied on HSM’s study.[19–21]. During the 50s, the
more interest around nuclear topic contributed to discover the first inter-metallic
hydride, Z r Ni H3, during the investigation of hydrogen embrittlement of nuclear
reactor walls [22]. From this point, researches on HSM were grown as number of
published papers, pushed forward by the new available characterizing techniques
and the more and more interest about hydrogen storage topics. Novel material were
identified, including the reversible AB2, AB5 (the most known material is LaNi5)
structure materials. Moreover, research on HSM focused on lightweight hydride as Mg
and Ca and their alloys with metal transition element which are capable to destabilize
hydride structure of alkaline element as well increase the kinetics of sorption reaction.
In the 90s, high energy ball milling was introduced into HSM preparative in order
to improve kinetics hydrogen sorption rate via increment of structural defects. [23]
In the 2000s, a new type of hydrogen storage material, complex or chemical hydride,
started to attract scientific interest. These material (i.e. N aB H4) were able to release
big quantity of hydrogen at relative mild conditions but desorption reaction was irre-
versible, with some little exception.[8] In the same period, the addition of catalysts was
a route introduced by several work in order to improve kinetics of HSM. In particular,
numerous studies were performed on Mg-material where absorption and desorption
reactions were speed up by the presence of different metal oxide, including V2O5,
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1.3. Objectives

Cr2O3, Fe2O3, MnO4, La2O3 and Al2O3.[24–27] In contrast with chemisorption phe-
nomena occurred in hydride material, a parallel branch of research has focused on
the develop of material that stored hydrogen through physisoprtion phenomena on
the surface of itself materials. From these study, many material were identified as po-
tential storage materials (as CNT-Carbon Nano tube, MWCT-Multi Wall Carbon Nano
Tube). Some of these work claimed extraordinary hydrogen gravimetric density on
nano-structured carbon (from 10 to 65 % wt of hydrogen sorption).[28, 29] However,
these experimental results and their interpretation were strongly criticized.
From the incorrect data sorption interpretation and their poor reproducibility in some
work, many researchers have raised questions as to the effective accuracy of used
characterizing instrument and applied experimental procedure [30, 31]. Moreover,
new frontier of hydrogen storage research is addressing to the synthesize of nano-
structured material to exploit superior surface’s characteristic of HSM, as reported
by Liu et al. [32], Jia et al. [33], Bérubé et al. [34] for magnesium hydride material.
Synthesize routes of such materials generally produce only few tens of mg or less,
typical for lab scale, requiring an improvement in the characterization apparatus to
approach sufficiently accuracy in sorption results.
Secondly, main kinetics modellings for the description of sorption phenomena on
metal hydride materials have been developed several year ago, and are widely ap-
plied without relevant improvement or further study. In this contest, JMKA model
interprets hydrogen sorption reaction in terms of nucleation and growth processes. It
is the most diffuse kinetics model used to describe absorption and desorption data
in metal hydride-hydrogen system. However, only few works have introduced some
improvement on the original theory, including only different nucleation’s approaches
[35, 36].
Parallel to the develop of more and more performant HSM, in the last year, consider-
able effort was focused on the modelling and realization of efficient hydrogen storage
tanks and its application in more complete storage system. Although many peer
review papers reports different layout innovation and design solution, there is a little
number of works that report full sorption study from sample characterization to final
tank modelling, as done by Chaise et al. [37].

1.3 Objectives

The aim of this work is to develop a reliable and validated methodology to study of
hydrogen storage materials and investigate its kinetics sorption processes. In particu-
lar, this thesis evolved covering different aspects from the kinetics characterization of
sample to the kinetics modelling of HSM for potential application in real hydrogen
storage tank. Such methodology has been initially applied on magnesium based mate-
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Chapter 1. Introduction

rials produced within EDEN European project [38]: firstly, characterizing the kinetics
performance of Mg material with high accurate measuring instrument; secondly,
identifying and understanding the main kinetics mechanisms occurring in absorption
and desorption reaction of storing material and thirdly, developing proper kinetics
modelling at microscopic and macroscopic scale for the highly reliable physical repre-
sentation and optimization of proper hydrogen storage tank based on Magnesium.
Finally, a novel catalysed Mg-material with reduced catalyst contain is presented and
analysed with such improved methodology.
The different steps carried out throughout this project can be listed as follows:

• Development and validation of an innovative highly accurate instrument for the
kinetic and thermodynamic characterization of hydrogen sorption phenomena
in potential HSM.

• Development of properly kinetic model for a depth comprehension of hydrogen
sorption mechanism.

• Kinetic modelling of Mg-based material, based on characterization data per-
formed by developed instrument.

• Dynamic validation of macro modelling on hydrogen storage tank based on
kinetic modelling of Mg material. The ultimate purpose is the development of a
modelling tool for the optimization of hydrogen storage tank’s design.

• Application of novel characterization technique and kinetic modelling approach
on an innovative catalysed Mg-material, produced with reduced content of
catalyst.

1.4 Thesis Outline

This thesis is divided in 5 main chapters covering the aspects outlined in the above
section. A brief overview of each chapter is provided hereunder:

Chapter 2 describes any step involved into development and realization of novel
characterizing instrument (Isochoric Differential Apparatus, IDA) to analyse
HSM and potentially for any gas sorption reaction on solid state materials. Ap-
paratus has been realized inside Bruno Kessler Foundation facility, included
proper electronic control unit (ECU) and managing software with automatic
procedure of calibration and measurements. Instrument has been validated
with two well known reference material: Palladium for mild conditions analysis
(293-400 K and hydrogen pressure of 0.001-0.4 MPa) and pure magnesium for
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1.4. Thesis Outline

high temperature characterization (573-633 K and hydrogen pressure of 0.001-1
MPa).

Chapter 3 reports the development of proper micro kinetic model based on actual
kinetic models for gas-solid reactions. A novel approach on classic nucleation
and growth model (JMKA) has been applied to describe hydrogen absorption
reaction in magnesium at high temperature conditions. Next, hydrogen storage
tank modeling has been developed on Mg sample nd dynamically validated
against experimental data by H2 storage tank prototype. Moreover, a lumped
parameters model is introduced as easy tools to preliminary estimate goodness
of layout or design of tank.

Chapter 4 reports the study on a novel magnesium based material, catalysed with
extremely low quantity of N b2O5. Kinetic characterization are performed by IDA
and kinetics analysis utilizes kinetic micro model develop in chapter 3.

Chapter 5 summarizes the main findings of this contribution, analysing the main
objectives stated at the beginning of this work. Furthermore suggestions are
given for future work.
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2 Design and development of a novel in-
strument to assess physical properties
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Abstract

The quantification of Hydrogen sorption in solid state is a crucial step
in the assessment of storage materials and their possible applications. Un-
fortunately, volumetric instruments, one of the most applied methods to
characterize sorption proprieties of storage materials, are in many cases
affected by several problems, including low accuracy, long times for ma-
terial properties characterization. This is due to several factors such as
temperature uncertainty, misleading calibration proceeding. Here, we
present a novel instrument designed to characterize kinetics and thermo-
dynamics proprieties of storage materials, based on volumetric Sievert,
here defined Isochoric Differential Apparatus (IDA). The characterization
ranges from low to high temperature and pressure levels. IDA integrates a
layout designed with two parallel connected Sieverts branches. Pressure
values are sampled from a differential transducer. The differential layout
can improve measurement accuracy due to the drastic limitation of all
transient phenomena and non-linear effects occurring during the gas ex-
pansion. A physical model to measure the sorbed gas is reported, including
real gas behaviour at non-isothermal condition. A detailed error analysis
of the kinetic and thermodynamic models has been carried out. Moreover,
a comparison on the uncertainty obtained by IDA and standard Sieverts’
layouts is reported. The specific contribution of single variables on error
propagation in final measures is estimated. Palladium and Magnesium
are utilized as benchmark materials, to test the differential apparatus at
ambient and high temperature values (> 300·C ). For both materials, the
kinetic and the thermodynamic behaviours have been acquired by the
differential layout with an accuracy of an order of magnitude higher than
standard methods.



2.1. Introduction

2.1 Introduction

One of the ultimate goal to approach the hydrogen economy reality, is the realization
and the development of proper hydrogen storage system that matches or excesses
the international target (actually from US DOE [6] or IEA [5]). Besides conventional
storage methods, i.e. high pressure gas and liquid state, solid storage is one the hottest
fields in science research. For this reason, over the last decades, investigations on in-
novative materials for hydrogen storage applications have attracted a high number of
researchers and it has been supported by considerable amount of budget and efforts.
The approaching to hydrogen storage goals drives researchers to develop and produce
highly nano-structured materials with tight control of chemistry to increase and tune
their kinetics and thermodynamics proprieties. Most of the innovative materials for
hydrogen storage can be produced through new synthesis processes, at a small ca-
pacity of production (from few milligrams). The sample materials have to be further
divided/partitioned to have a full characterization by the use of different techniques.
For these reasons, kinetics and thermodynamics gas sorption characterization are
carried out on a significantly small amount of sample (50-500 mg). The minimal mass
of available sample needs proper measuring instruments to approach extremely low
detection limit.
In this context, gas sorption measurements are affected by several sources of er-
rors with relevant reduction of measurements’ accuracy, as demonstrated by the
initially unsatisfactory characterizations performed on carbon structures, poor repro-
ducibility and repeatability of storage measures and discrepancies from benchmarked
analyses.[30, 39–46] In his exhaustive works, D. Broom resumed main error causes
which contributes to wrong characterizations in several characterization approaches
[47, 48]. Besides, a Round Robin test [30] has revealed that also methodology and sam-
ple histories (degassing, cycling, and instrument calibration) affect final uncertainty
of measurements. This is corroborated also by another Round Robin investigation,
conducted with less number of active participants respect to previous one. Hurst et al
[49] concluded that predominant uncertainties on sorption measures are caused by
systematic errors. The systematic errors include:: inaccurate calibration operations,
inadequate data analysis models, error associated with non uniform temperature
fluctuations and small sample mass.
Therefore, all the processes to characterize hydrogen sorption have to be highly accu-
rate and and show, even at the extremes of the measure range, a high accuracy (high
pressure, 10 MPa, and low temperature, 77 K). So, an improvement of accuracy along
the characterization of the process is necessary to have reliable results in hydrogen
sorption measures. In this context, several scientific papers concentrated consider-
able efforts on the improvement of accuracy in characterization techniques, focusing
on: methodology, more accurate mathematical or data analysis models and technical
improvements on instrumentations.[44, 50–55]
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Chapter 2. Design and development of a novel instrument to assess physical properties of
hydrogen storage materials

Scope of this chapter is to illustrate the realization of a novel instrument for the study
of HSM. The research activities involved in: the identification of more appropriate
characterization approach, based on the feature’s comparison of actual method to
study HSM. Secondly, the realization of the instrument layout and the development of
proper mathematical model for moles estimation in sorption measurements. The final
activities regards the validation of instrument by the characterization of a reference
sample.

2.1.1 Choice of characterizing techniques

Amount of hydrogen released or uptake during a gas-solid reaction can be revealed
by different approaches. Few techniques can selectively detect hydrogen sorption
phenomena (i.e. desorption mass spectroscopy [56] or neutron scattering [57]). Nu-
clear techniques based on neutron scattering is the solely able to directly determine
hydrogen, light-atom positions and their dynamics, in crystal structures of host
materials.[58] Moreover, the different cross-section between hydrogen isotopes (i.e
deuterium) can be used to provide additional insight into the structure of materials
and their interaction with hydrogen. Finally, the absorption of neutrons is low in most
materials in comparison with other sources such as X rays and electrons. It means that
nuclear scattering method can be available for in situ measurements and integrated
with other techniques. Main investigations with nuclear methods included: defects
of structures and vacancies in host lattice, hydrogen mobility and diffusion profiles
and finally size/shape morphology and surfaces of nanoparticles and nanopores [59].
Unfortunately, such techniques generally require expensive instruments and tools,
with a complicate sample preparation, moreover neutron scattering approach can
only be performed at major national and international facilities because a neutron
source is required (either a nuclear reactor or a spallation source, which requires a
particle accelerator). For these reason, they will not be taken in consideration in this
work.
Unlike nuclear scattering, indirect characterization methods to study hydrogen sorp-
tion are more affordable, and offer a interesting trade off between accuracy and
economic/technical efforts.They can be considered indirect because are not selective,
because they typically involve measurements of gas pressure, calibrated volumes, gas
flow or sample mass in a gas handing system, generally consisting of: hydrogen sink,
gas manifolds and sample cells. Indirect approaches can be divided in: thermogravi-
metric, gravimetric and volumetric methods.
In the next paragraphs, the three main characterization approach will be exposed. At
the end, a brief summary of advantages and disadvantage of every approach will be
reported, with a discussion to support the decision/reasons to the type of instrument
to realize.
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Thermogravimetric method In thermogravimetric technique, hydrogen desorption
from a sample is measured during a temperature programmed ramp and it involves
exclusively non-isothermal measures on only desorption phenomena. It is analogous
to classic thermo-gravimetric analysis (TGA), Differential Scanning Calorimetry (DSC),
which finds wide applications in the study of materials’ science.[60, 61]
TGA apparatus includes a micro-balance system where sample can be mounted. The
measure run at atmospheric pressure under a carrier gas, although even high and low
pressure system are available in commerce. The micro balance monitors the mass
variations as a function of temperature, but it is possible to work at constant tempera-
ture in the case of analysis of material with slow kinetics on hydrogen desorption.
A mass spectrometer (quadrupole analyser) can been added to a TGA instrument in
order to identify the nature of the decomposition or desorption products, making
TGA technique more direct and reliable to detect H2 sorption. The characterization
method is indeed more complicated respect to volumetric or pure gravimetric system,
requiring more performant vacuum pump (below 10−2 Pa), as well as a additional
calibration procedure for the mass spectrometer. This technique is known as TGA-
MS.[62]
TDS techniques, known also as Temperature-Programmed Desorption, TPD, is not a
pure gravimetric approach (it can not require a micro balance), however it is inserted
in this category because TDS measurements occur at a controlled temperature ramp.
TDS refers to a wide range of experimental methods which involves the hydrogen
desorption into a volumetric-type instrument, where a calibrated vessel initially at
vacuum is used. The hydrogen gas is desorbed by sample into the vessel. The pressure
increment is correlated to the amount of desorbed hydrogen during the temperature
ramp program. However, TDS techniques is generally integrated with mass spec-
troscopy to investigate more in depth and quantify desorption reactions, allowing to
distinguish the nature of sorbed molecules.
A note about DSC. Differential Scanning Calorimetry (DSC) is a thermal analysis tech-
nique applied to investigate the thermodynamic properties of a material. It measures
the heat flow necessary to maintain a sample material and a reference material at the
same temperature during a temperature programmed ramp in vacuum or in a inert
carrier flux. Although it is a powerful tool for the characterisation of thermodynamics
and kinetics proprieties, it has to be coupled with quantitative techniques, because it
is not able to detect the hydrogen sorbed amount, but exclusively the heat flow to or
from the sorbed reaction.[48, 63]

Gravimetric method In last years, gravimetric method has been applied successfully
to investigate gas sorption phenomena, including for HSM [47, 64–67].
The amount of gas sorbed by sample is indirectly estimated by its weight variation.
"Indirectly" because this technique doesn’t distinguish what is the nature of sorbed
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gas. Gravimetric systems typically involve in the same components: an accurate
balance (uncertainty on the order of µg), a vacuum system for sample degassing and
chamber evacuation, a gas supply system to tune the hydrogen pressure during the
characterization in the balance chamber and finally a proper system to thermostat the
sample at working temperature. The measurement occurs at isothermal conditions.
The pressure can be maintained constant using a dynamic control or also in static
mode, providing additional gas during absorption or bleeding the evolved gas during
desorption step, without modification of the thermodynamic driving force.
Core of instrument is the micro balance system. Although it has a high accuracy
(µg), it is affected by several problematic , that can increase its uncertainty. Buoyancy
phenomenon is the most important problem that can strongly alter the accuracy
and reliability of measurements. More, buoyancy is heightened by several factors as:
thermal gradient, volume dilatations of sample and not ideal thermal contact between
sample and temperature transducer. For these reasons, gravimetric approach adopts
a series of mathematical algorithm to compensate such factors, which include a
calibration of balance before the measure step.[9, 48, 58, 63]
As for all gravimetric techniques, the control of sample temperature can be a error
source because the temperature sensor can not be in direct contact with the plan of
balance. Moreover, gravimetric approach are not suitable for air sensitive material,
without installing particular auxiliary components, to avoid sample air contact during
sample loading in the instrument. Gravimetric method generally follows a static
approach as measure procedure where aliquots of gas are added or removed from
sample chamber in order to adjust pressure in the sample’s chamber. It is possible to
conduct measurements in dynamics approach with the application of a proper mass
flow meter.

Volumetric method Similar to gravimetric method, the volumetric approach is an
indirect method to quantify gas sorption phenomena and it is widely used in HSM
study. It relies on the variations of pressure due to the amount of hydrogen molecules
in the gas versus the solid state (both on the surface or in the bulk sample), where
sorbed state molecules don’t contribute to the gas pressure.
Sorption proprieties of material and gas sorptions are determinated by temperature-
volume-pressure correlation in a proper instrument by real equation of the gas, or
other analogous mathematical model (compressibility factor correction, van der
Waals, Redlich–Kwong [64], Soave–Redlich–Kwong, Peng–Robinson EOS, etc.)[30, 68]).
Volume of instrument is particularly relevant for such methodology. So the pro-
cedure of volume’s calibration is fundamental to the final accuracy of volumetric
instrument.[9]
The volumetric approach is also called manometric, due to the relevant role of pres-
sure in the estimation of gas sorbed moles. The layout apparatus is called Sievert. The
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name is given by the German chemistwho conceived the first concept of volumetric
approach for sorption measurements[16]. The basic layout is shown in fig. 2.1: Classic

Figure 2.1: Classic design of SIEVERT instrument. Vr e f is calibrated reference volume while
Vcel l is the sample holder. S is the main valve of apparatus. Picture from [9].

Sievert apparatus is composed of two connected volumes, called “chamber volume”
and “expansion volume” (respectively Vcel l and Vr e f in fig. 2.1). Chamber volume
contains the sample at working temperature, while the second volume is used as
“calibrated” volume, kept at isothermal condition, to calculate variation of gas-moles
due to sorption phenomena. Estimations of hydrogen sorption in a volumetric appa-
ratus require teh developing of a suitable model to estimate sorbed moles of gas from
pressure data, considering temperature of sample and calibrated volumes. Mathemat-
ical model takes in consideration: layout of system, a proper EoS (Equation of State)
and the procedure adopted in the characterization operation. Generally speaking,
accuracy and resolution in volumetric techniques is correlated to the size of expansion
volume and the accuracy of used pressure sensor. The main problems of a volumetric
instruments are due to the possible gas leakage and the temperature fluctuation,
which can strongly affect the sorption’s measures. Otherwise, volumetric approach is
intrinsically adequate to study air sensitive material with a slightly modification of
sample chamber. Also, volumetric method generally follows a static approach where
aliquots of gas are added or removed by the sample chamber, and the measurements
collect the pressure data until reaching the equilibrium . However, it is possible also
in this case, to conduct measurements in dynamics approach with the installation of
a proper mass flow meter and relative pressure regulator.

This work is focused on the realization of experimental instrument based on vol-
umetric approach. Volumetric method has been chosen as the most appropriate
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techniques for the study of HSM. In order to support such choice, some evaluation
points are proposed to resume the main features of any previous exposed techniques.
The main ones are :

• accuracy of measures,

• range of characterization,

• gas selectivity,

• cost of system,

• reliability and maintenance,

• versatility, as the possibility to couple other techniques and characterization, or
tune its performance based on the type/size of investigated sample,

• simplicity, intended as the easiness to use the instrument, including calibration
operation and characterization’s procedure.

• suitability for air sensitive materials,

Table 2.1 wants to resumes the main strengths and shortcomings of available tech-
niques for the study of HSM about the evaluation points.

Volumetric Gravimetric Thermogravimetric

Accuracy
p p p

+

Gas selectivity - -
p

Investigation range
p p

-

Cost
p

- -

Reliability
p p p

Versatility
p

- -

Simplicity
p

- -

Air-sensitive sample
p

- -

Table 2.1: Comparison resuming table of evaluation points for the different approach for the
study of HSM.

Techniques including mass spectrometers (as TDS, or some gravimetric instrument
associated with a MS) achieve higher accuracy respect to the other ones. They find ap-
plication for the characterization of very small sample and when nature of sorbed gas
is relevant. However, instruments are usually delicate, expensive, require complicate
calibration procedure, trained operators and the range of investigated pressure range

16



2.1. Introduction

is limited (at vacuum and only about desorption process). Generally, thermogravimet-
ric method are applied as complementary analysis, charactering other aspect of HSM
that gravimetric and volumetric techniques are not able to study.
Also techniques based on a micro balances measurements achieve high accuracy and
sensibility (±0.1µg of sorbed mass)[48], but it is strongly affected at high pressures
by the increasing significance of the buoyancy corrections, which also increase with
decreasing sample density. Moreover, the mass sample is limited by size of balance’s
pan.
Volumetric method can challenge other techniques thank to its great versatility. In
principle, it can be equipped with multiple volume size in order to use the proper
volume for the optimal compromise between sample size and required uncertainty.
It is more suitable to characterize materials with high sorption kinetics because the
measures are more rapidly than gravimetric. Indeed, the delicate micro balance needs
to be handle more carefully, in terms of pressurisation rates and change of working
temperature. Volumetric techniques can perform other type of study, as BET analysis
[69, 70], and it can analysis air sensitive sample because the sample holder can be
easily disassembled by instrument and loaded with investigated sample inside a glove
box atmosphere. Other techniques can also treat air sensitive materials but oper-
ating with auxiliary components that make more complicate the overall procedure
of sample loading. Furthermore, a generic volumetric instrument include cheaper
components, respect to gravimetric and thermogravimetrics one, where the micro
balance system impacts on the cost of instrument as well as on the maintenance.
Among the characterization methods, volumetric approach shows both greater sim-
plicity and room for improvement compared with other indirect techniques (gravi-
metric and thermogravimetric one). As reported by [65] and [64], volumetric and
gravimetric approaches have approximately the same degree of accuracy. Besides,
relatively easy calibrations, intrinsic suitable procedures for air/moisture sensitive
samples and an easy implementation, as well as handling, are reasons to prefer volu-
metric technique.

2.1.2 Volumetric method: instrument and actual procedure

Volumetric approach is performed with a characteristic instrument layout, reported
in fig. 2.1. The procedure can be applied in principle to any type of gas. Assuming to
perform a static measure, the hydrogen sorption characterization is made stepwise
measuring uptake or release of hydrogen in a discrete ramp of pressure at equilibrium
state. Considering the same layout, a pressure P f , j−1 of hydrogen is present into
apparatus at the end of a generic j-1 th step. The connecting valve, S, is closed to
isolate the sample cell, which has an empty volume Vcel l . In next step j, a new initial
pressure Po, j is established in the reference volume, Vr e f . Once achieving thermal
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equilibrium, S is opened and the new value P f , j is measured. The magnitude of
sorption phenomena in the j-th step, is then calculated by the change in the pressure
measured when S is opened. [7, 50, 71, 72]. Considering layout in fig. 2.1, the previous
described procedure and the real equation of gas, n = PV

RT Z , with n amount of moles of
gas and Z, compressibility factor, it is possible to estimate amount of sorbed moles
from eq. 2.1:

∆ntot =
m∑

j=1

[
P f , j−1Vcel l

ZP f , j−1,T RT
+ Po, j Vr e f

ZP f , j ,T RT
− P f , j (Vr e f +Vcel l )

ZP f , j ,T RT

]
(2.1)

P is pressure, o and f index identify respectively initial and final state of measure.
Z(P,T,gas) is the gas compressibility factor, which depends by temperature, pressure
and nature of gas. In the left side of eq. 2.1, first term represents the amount of moles,
sorbed during j-step of measurements.
As it is noted in 2.1, sorbed moles are estimated by the variation of pressure in a
isochoric apparatus. Temperature can be assumed a constant of process, supporting
technical improvement of apparatus (chillers) or more realistic assumption of the
model. Otherwise, the value of reference and chamber volumes has to be extrapolated
by a black experiment, and their uncertainties have an direct impact in errors asso-
ciated to final gas sorbed amount. So, the estimation of volume size in a volumetric
instrument is the most critical parameter to achieve high accurate measures. Equa-
tion 2.1 only applies isothermal measurement, as systems thermostat and completely
immersed in a water bath. However, the most of characterizations are performed
at temperatures which it would be impractical to thermostat the entire apparatus.
Numerous approaches exist to treat cases of not isothermal conditions in a volumetric
instrument. Literature specifically for the improvement of volumetric methodology
is focused about two main contributes : mathematical model or technical enhance-
ments.
Technical improvements in volumetric layout aim to reduces the numerous error
sources, that affect the uncertainty of sorption measures obtained. Among them: gas
leakages, volumes uncertainty, thermal gradients, achieving pseudo-thermodynamic
equilibrium ([50]), dead valves volume and hop spot caused by valves heating (when
equipped with electrical actuators) [54, 73], thermal transpiration issue at low pres-
sure measurements ([74]) and gas physisorbed on/from chamber walls [75]. Some
other work want to enhance the procedures, as the estimation volume uncertainty
introduced by sample density ([72, 73, 76, 77]), the evaluation of ideal gas approxi-
mation ([44, 50, 52, 72, 78, 79]), the optimal compromise between mass sample and
reference and chamber volume size ([50, 77]) and the procedure for the calibration
([71]). Other studies reported as ratio of volume’s sizes (reference and chamber) and
even ratio between sample and chamber size can be optimized to exploit the best
performance of instrument ([50, 72, 77].
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About mathematical model, the efforts are focused to develop proper model to de-
scribe no isothermal condition, or no gas ideality in the sorption characterization. In
particular, [9] resumes the main different approaches for the estimation of critical
value of Vcel l for not isothermal study:

• Equivalent Volume model.
In equivalent volume model, V eq

cel l of eq. 2.1 is estimated as an equivalent volume
at the reference temperature.[77] Generally, it is estimated before every mea-
surements for any working temperature, performing a null test measurement,
and evaluating the equivalent volume from a simple gas expansion. With such
consideration:

V eq
cel l =Vi so +

∫ x

0

A(x)

T (x)
Tr e f =Vi so +Vn−i so (2.2)

the equivalent volume is composed by an isothermal contribution Vi so (the
value of volume estimated at the same temperature of rest of instrument), and
a not linear contributions, Vn−i so , (which includes the volume of chamber in-
volved in thermal gradient). Compressibility factor is assumed to be constant at
the pressure and temperature of isothermal side. A(x) is the section profile of
sample holder long the its overall height (x), while T(x) is the temperature profile
(gradient). Equivalent model is simply to apply, however it require a extremely
accurate temperature control during whole characterization operation, with
proper thermal insulation of pipes. Equivalent volumes (Vcel l ) is estimated by a
null measurement test (∆ntot = 0). A working temperature scanning can give a
complete characterization of Veq for overall investigated temperature range.

• Divided Volume model
In Divided volume model, Vcel l is assumed as physically divide in two volume
section, Va and Vb at two temperature, respectively Ta for the part of volume
at contact with sample and Tb for volume included in the conduits and not
a reference temperature (section 2.1.2). Volume constraint is V eq

cel l = Va +Vb .
The Va and Vb are estimated by scanning of Ta during a null measurements.
Divided model seems to be more robust of previous model. It requires a constant
reference temperature during calibration step and a well defined boundary
between Va and Vb , independent from working pressure and temperature. Such
model has been more depth by [53].

Otherwise, other work uses different approaches as Checchetto et al. [51], which ap-
plied a correction temperature on to calibrated volume value as well, similar to Gross
et al. [63]. Considering technical improvement on volumetric instrument, recently,
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Figure 2.2: Representation of divided volume model. Sample chamber is divided in two
sub-volume, considered at two different temperature. From [53].

some papers reported the realization of a volumetric instrument with a differential
layout. [39, 40, 79–82] for the characterization of physisorption phenomena in carbon
structures. Differential apparatus includes the coupling of two volumetrically identical
classic apparatus: the first is called “sample” and the second is the “reference” branch.
An example of the difference between classic Sievert and differential layout can be
seen in fig.2.3. Differential layout promises several advantages over the traditional

Figure 2.3: a. Differential layout of volumetric apparatus develop in this work. b. Classical
layout in standard volumetric instrument (Sievert). (Picture form [80])

"Sievert" instrument.

• The differential layout allows for a great tolerance to temperature fluctuations,
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because both volumes (sample and reference) are equals in size and experience
the same temperature trends.

• The differential pressure transducer is more accurate than absolute sensor. The
scale and accuracy of the differential transducer is more than ten-fold smaller
than the absolute one.

• The differential layout reduces artefacts caused by gas non-idealities, as both
compartments experience these effects equally.

At the moment of writing, differential apparatus are validated and applied to analyse
hydrogen physisorption at elevate pressure for: Zeolite pellets at 298 K ([81]), Carbon
Nano Fibers at 298K([40]), high surface super-activated carbon powder at 298 K ([79])
and activacted carbon at 273-293 and 313 K ([80]). Differential layout has not been
tested at temperature far to room temperature (cryogenic or high temperature), but it
has shown an incredible level of accuracy (around 0.05% w for 100 mg of carbon sam-
ple [79]). Mathematical formulation for the estimation of sorbed moles in differential
approach is similar to the classic volumetric system and it was partially defined in
previous cited articles. Even in this instrument, estimation of volumes is a critical op-
eration, recital also there are more volumes to calibrate (one for every side, reference
and sample).
Relied on the previous description and considering the strengths of differential layout,
the differential apparatus results as a well compromise between versatility (sample
mass, gas amount span, range of characterization), cost (basically, spare parts are
pipes, volumes and pressure sensors) and room to improvement the accuracy of
measures.

2.1.3 Objectives

The Approaching to highly accurate measurements in hydrogen storage application
requires the design and the construction of proper instrument as well as ehancement
of working methodology. In this context, some papers have recently reported the
realization of a modified volumetric apparatus with differential layout and reduced
uncertainty of measures. In this work, we design, realize and investigate the perfor-
mance of differential volumetric apparatus, from room temperature (Pd material), to
higher temperature, (Mg sample). A proper physical model is developed, including
the real gas equation of state and non-isothermal conditions. The contribution of
every variable (temperatures, volumes, etc...) on final uncertainty is exposed in a
rigorous analysis.
Hereby work aimed to explore the performance of a Volumetric Instrument with a
differential pressure layout, defined as “Isochoric differential apparatus” (IDA). A
proper data analysis model has been developed for differential layout. Error analysis
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was carried out using mathematical equation resulted by a such model to calculate
rigorously the modification of relative uncertainty of every significant parameter
calculated on the total error, considering all parameters involved in kinetic and ther-
modynamic analysis. In addiction it has been elucidated how the relative uncertainty
of every working parameter involved in the sorption processes changed depending on
Sieverts instrument configuration. Although a differential instrument allows better
performances for hydrogen sorption measurements at room temperature compared
to classic one, the hydrogen sorption measurements were not documented in liter-
ature at working temperature typically used for metal hydride (greater than room
temperature). This work want to cover this lack in literature, demonstrating that
differential layout performs kinetics and thermodynamics study with higher accuracy
compared to classic instrument layout also for high temperature characterizations.
Palladium and magnesium are chosen are reference material because they are exten-
sively studied in last years, with a robust collection of kinetics and thermodynamics
data.

In the next section of document, instrument layout with differential approach is intro-
duced, with a detailed technical description. In the material and methodology part,
experiment procedures are exposed with the description of analysed reference sample
material (palladium and magnesium) to benchmark the performance of instrument.
Results section collects characterization results, performed on benchmark materials.
Then, in the discussion section, results are discussed with an uncertainty analysis
carried out to show the principal error sources in the sorption process measurements,
still comparing differential instrument with the classic "Sievert" volumetric layout.

2.2 Experimental Apparatus

In this section, a complete description of home-made volumetric apparatus is re-
ported. It includes the detailed hardware description of instrument, the develop-
ment of a rigorous mathematical model for the calculation of sorbed moles based
on volumetric approach and the explanation of the experimental procedure for the
characterization of H2 sorption. Theoretical model section contains the description
of governing equation for the volumetric system, included the main assumptions hy-
pothesized in the model, each of them are fully justified and explained in the context
of this work. Then, a detailed explanation of volume calibration carried out in this
work is included in a proper section. The calibration operation is a basilar operation
in volumetric approach and it has been well thorough in order to reduce uncertainty
in estimations of apparatus’ volume. Developed software that it implements auto-
matic procedure of characterization, is exposed in proper ECU (Electronic control
unit) section. Last section includes a list and the descriptions of all procedures per-
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formed in this work, including: degassing and activation operations, Kinetics and
thermodynamics characterizations and finally cycling analysis.

2.2.1 Isochoric Differential Apparatus: hardware description

Isochoric differential apparatus (IDA) described in this work is a homemade system,
based on the design of instrument realized by Zielinski [81], Blackman [40, 82], Qajar
[80], Adams [83] and Browining [84]. IDA is a volumetric apparatus, that determines
the amount of gas adsorbed by a sample based on a differential pressure variation
between a reference and a sorption branch, containing sample. Basically, differential
layout is the coupling of two classic Sievert instrument (fig. 2.3), where main pres-
sure reading is supplied by proper differential pressure transducer. The set-up has
two volumetrically balanced limbs each comprising multiple reservoir volumes and
sample/reference cells/chambers to expand the range of pressure characterization in
static mode, and the investigated sample size. Eventually volumetric discrepancies
are taken in consideration in the mathematical model for the estimation of hydrogen
sorbed mass. IDA includes two identical Sieverts apparatus (fig. 2.1), identified by two

Figure 2.4: Scheme of differential apparatus realized in FBK facility.

mirrored sections called “Sample” and “Reference” (fig. 2.4). Each section is divided in
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two volumes: an “expansion” well-calibrated volume at isothermal condition (inserted
in a thermostat metallic box) and a “chamber” volume at working temperature with a
proper heating and thermostat system.
In the next part of document, hardware of volumetric instrument is described in-
depth.

Expansion Volumes Expansion volume size are crucial parameters in the volumetric
apparatus as described by [71, 72]. In particular, Emre et al. [50] underlines the main
guidelines that should rules the optimal ratio between sample size, chamber and
expansion volume size in volumetric instrument.
Firstly, chamber and expansion volumes have to be larger than sample volume (ap-
proximately to a magnitude of 2). This minimizes the impact on the uncertainty
by sample density variation during sorption investigation. Secondly the ideal ratio
between chamber and expansion volumes has to be approximately 1, which is the
optimal ratio between two volumes in order to minimize uncertainty in the volume
calibration by gas expansion operation.
Furthermore, Emre et al. [50] introduces a useful figure of merit (η) to evaluate the
maximum required volume for every sample size. η is estimated by eq.

η= sk

ε∆P
(2.3)

sk represents the variation of pressure in the isochoric instrument volume caused by
complete sorption process of studied HSM. It is evaluate by applying real gas equation
(eq.2.4), including an estimation of the total sorbed moles (ntot ) and the sum of every
volume scale on their temperature (Tk ).The sum in j-terms takes in consideration
multiple sorption step.

sk = ntot R

(Σ j
V j

Z (P,T j )T j
)

(2.4)

So, figure of merit η can be expressed by the ratio of sk and accuracy of used pressure
sensor (ε∆P ). About [50], η has to be greater of 100 for obtaining data of high quality.
Evidently, smaller is the volume, higher is the accuracy in the measurement. So, it is
possible to evaluate the maximum requires volume size, estimating the maximum gas
sorbed by sample and the accuracy of pressure transducer.
Unfortunately, a characterization performed with too small volume sizes, can eas-
ily overcome the differential pressure span, risking to damage the sensor, as well as
not respected the isobaric condition in case of kinetics test. So, it needs to take in
consideration also a lower limit for the volume size relied to the maximum span of
differential sensor.
Equipping instrument with a unique volumes restricts the quantity and the type of
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investigated materials about the previous described limit. Otherwise, equipping mul-
tiple volumes, it should be possible to combine them to improve gas detection of
instrument. This solution allows both to enhanced feasibility of instrument and to
make it able to perform thermodynamic and kinetics investigation maintaining a
good compromise between high accuracy and range of measurements. In differential
layout, every installed reservoir is replicated in the reference brunch, every one control
by an appropriate automatic valves.
IDA has been equipped with four reservoirs with different size. The installing vessels
are double ends, one side plugs to the process connection, while opposite end connec-
tion is equipped with Pt-100 sensor for the temperature data collection. The volume’s
sizes are approximately 100, 200 and 1000 cm3, with an additional XXS volumes size
of 40 cm3, composed by the empty volume of the connections and pipes. Considering
an average sorption quantity equals to 2 ·10−3 mole (equals to the hydrogen amount
sorbed by 50 mg magnesium, or 250 mg of Palladium), the merit’s figure, eq.2.3, in-
troduced by Emre et al. [50] is greater than 100, in agreement with the guidelines
presented by Demirocak et Al.

Chamber volumes

As for expansions volume, the sample chambers and their holders (for both sample
and reference side of IDA) are fundamental components in a volumetric apparatus,
and they have been carefully designed to achieve accurate and reliable measures of
gas sorption. The layout of chambers have to keep in consideration several constrains:

• a proper volume size, in accordance with the rest of instrument dimension and
the useful volume for sample.

• the management of air-sensitive samples.

• a proper thermal control system.

• an excellent homogeneity of temperature in the zone of sample.

• a constant temperature gradient, long the wall of chamber, during all measure-
ments (for not isothermal characterization)

IDA is equipped with two chamber (for reference and sample side, fig. 2.4). A inner
sample holder in stainless steel 316L is in included in any chamber, fig. 2.5, with
a empty volume’s size approximately less than 10 cm3 (considering also conduits).
Chamber have been tested at pressure of 30 Bar in helium for possible leakage. Gas
Sealing is guaranteed by two concentric o-rings, the first one in ™Kalrez, which has a
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great resistance at high temperature, and second one in ™Viton which has less ther-
mal resistance features but lower hydrogen permeability. More in detail, chambers are

Figure 2.5: Chamber assembly.

composed by: bottom element,sample holder, filler metallic element to fill as more as
possible the empty volume of chambers (fig. 2.6), and finally, the top element directly
connected to the pipe.
IDA’s chambers are designed for the study of gas sorption proprieties of a sample at

Figure 2.6: Bottom chamber for reference and sample side, with relative fillers and sample
holder. A long unique fillers has been cut in two piece to facilitate the drilling of bottom piece.

temperature between RT and over than 400◦. However, it can perform study also at
cryogenic temperature, submerging the bottom side of chambers in a liquid nitrogen
bath, or adding a suitable cryogenic system. In any case, the heating system includes
a heater band wrapped on the base of sample and reference chambers, managed di-
rectly by PID algorithm, based on proper ECU (electronic Control Unit) and developed
software. About thermal proprieties, the considerable mass of steel gets an apprecia-
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Figure 2.7: Top side of chamber for reference and sample line. It is possible to note the
thermocouple’s connection, the manual valves for the loading procedure of air sensitive
sample and teh small aluminium heat exchanger to thermostat stainless steel tube.

ble thermal inertia to the chambers, which strongly contribute to the homogeneity
and stability of temperature during the analysis (in case of sample with considerable
enthalpy of reaction).
A proper thermal modelling was developed on ™COMSOL software to drive the de-
sign of sample and reference chambers, including thermal diffusion phenomena and
the relative constraint about sample holder (size of heating component, position of
cooling support, et.). The main goals of chamber’s design are: approaching a sufficient
well thermal homogeneity in the proximity of sample and to restrict the thermal gradi-
ent’s domain in a constant portion of space for different pressure and temperature
conditions. Moreover, it is necessary to ensure a suitable cooling at the top chamber
side, in order to prevent overheating of plastic o-ring. Several numerical simulations
were performed to optimize chamber’s geometry. Boundary conditions applied on
numerical simulation, reflects a typical experimental set up for high temperature
HSM (working temperature 633 K and hydrogen pressure of 1 MPa). Finally, suitable
geometry was identified with proper dimensioning of any components (height of
chamber, position of cooler exchangers, etc., as reported in fig. 2.12). Simulated tem-
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(a) Chamber layout. (b) Temperature profile simulated at different Pressure
(0.1-0.5-1 MPa).

Figure 2.8: In (a), design of chamber volume simulated in ™COMSOL multyphysics software
is reported, blue square represents the heating band used to heat the sample, otherwise yellow
squares are the cooler devices. In (b) numerical simulation of temperature is shown, the
temperature data are collected long red line in fig. (a), for numerical simulation performed at
0.1-0.5-1 MPa of hydrogen pressure.

perature profile long the height of volume chamber, fig. 2.8(b), supports chosen layout.
Temperature in the proximity of sample (0-2 cm) can be considered uniform and
constant, while temperature at the o-ring position approaches relative low value (less
than 60◦ at 0.15 cm in the plot fig. 2.8(a)). Finally, hydrogen pressure doesn’t impact
on temperature profile of chamber’s volume, as reported in fig.fig. 2.8(b), because
thermal conductivity of hydrogen gas is basically constant in the considered pressure
range [85].

Taking in consideration the characterization on air sensitive material, chamber’s
volumes are equipped with two manual valves. One of that is visible inf fig. 2.7. They
allows an easily disassembly of chambers, and the sample charging and sealing inside
a glove box, under controlled atmosphere (e.g. Argon or Nitrogen). Moreover, two
™VCR connections allow a simply release of chambers from main body of instrument,
without undermining the sealing’s performance.

Valves and pipes IDA adopts diaphragm pneumatic valves. They were chosen to
respect explosive normative and to avoid local hot spots, typical for the long open-
ing time of solenoid valves [54]. Valves system includes a secondary distribution air
station to feed pragmatical signal to the actuator. Air distribution station is placed
outside of instrument’s box and it is based on electrical valves, controlled directly by
ECU (electronic control unit) of apparatus.
Fittings and connections were purchased by Swagelok Company, which ensure speci-
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fied leak rate of system components lower than 10−9 STD cm3/s. All components are
made in stainless steel (SS 316L), resistant to hydrogen embrittlement, as suggest by
several works.[43, 52, 54, 55]
IDA have been tested towards leakages using a helium mass spectrometer, verifying
the presence of gas leaks on all connections and fittings. Pressure of leakage test was
70 Bar.

Sensor High accuracy of IDA is guarantee by using high accurate differential pressure
transducers (Siemens Delta bar PMD75, 0 ± 3 Bar, certified accuracy at full scale: ±
0.15 mBar), coupled by 4 absolute pressure transducer Swagelok “PTI-E” series with
span 0-10MPa(a), calibrated with internal procedure (± 5 mBar). Absolute sensors are
necessary to collect absolute pressure at working conditions and to compensate no
perfect volumetric symmetry between the two branch of differential layout.
Apparatus is equipped with two types of temperature sensors: the first ones are PT-100
1/10 Din (with an accuracy of ± 0,04 K at room temperature). PT-100s are directly
inserted in each volume for a quick and accurate measurement of gas temperature of
expansion volume. The second ones are K-type thermocouples, inserted in different
parts of the instrument. An additional K-thermocouple is placed in direct contact with
the sample, while in the reference one, it is in contact with the chamber background.

Gas Inlet Management A proper gas inlet distributor has been realized. The available
utilities for IDA are:

• Vacuum.
A Scroll Pump (BOC Edwards XDS10 XDS-10 Oil-Free Dry Scroll Vacuum Pump
Rebuilt Refurbished) guarantees vacuum-pressure up to 10−2mBar. The scroll
design (free oil) avoids eventual back-flow of oil-based contaminants.

• Hydrogen.
The Purity of hydrogen is 99,99999%

• Nitrogen.
The Purity of nitrogen is 99,99999%

A proper ventilation pipe has been installed to ventilate the apparatus. A system of
check valves has been installed to avoid possible air back flow in the pipes, more, the
ventilation operation stops at 1.3 Bar as additional safety condition. Finally, when
hydrogen is ventilated to the atmosphere, it is mixed with a flow of nitrogen to reduce
the concentration of explosive gas at the pipe’s outcome.
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Figure 2.9: Inlet gas system.

Electronic Control Unit: ECU

In fig. 2.10, it is shown ECU’s architecture for the management of overall IDA unit.
ECU is based on National Instrument platform, NI-DAQ with proper acquisition data
modules for acquiring PT-100s, thermocouples and 4-20 mA signals data.

ECU includes: proper power supply to electrically power the transducers, DAQ-

Figure 2.10: Scheme of ECU developed to manage IDA system.

platform for data collection, PID controller for the thermal management of chamber’s
volumes and proper relays to control all devices and valves. ECU was fully assembled
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and programmed on ™Labview software in FBK facilities.

2.2.2 Thermal management

Volumetric approach is extremely sensitive to temperature variations, as explain in
the introduction of this chapter. Furthermore, a successfully volumetric layout has to
support the assumption of the temperature model chose to describe not isothermal
conditions. It means to separate and keep constant the temperature in overall instru-
ment, during both calibration and characterization operations. For these reasons, IDA
is divided in two well separated thermal section: isothermal and not isothermal zone.

Isothermal Zone Isothermal zone is contained in a proper thermostat metallic box,
which includes expansions volumes of respective sample and reference side, and
almost the whole pipes and connections. A small portion of isothermal zone is placed
outside of the box and include the little part of pipe which is in proximity of chambers
(fig. 2.4).
Isothermal condition is guaranteed by different auxiliaries and precautions. Firstly,

(a) External view. (b) Internal view.

Figure 2.11: Photo of external and internal view of isothermal zone of IDA contained into the
metallic box. In (b), Picture of inner side of isothermal box. It is shown the two branch sample
and reference, with the respective pressure sensors and expansion volumes.

a closed loop water circulation fed by a chiller (with an accuracy of 0,03 K) fluxes in
a proper serpentine on the bottom of inner side of box. Secondly an air fan keeps a
constant air circulation in the inner volume of the box. Electric engine of air fan is in-
stalled outside of instrument to avoid local heating raised by the motor’s body. Finally,
a thick external thermal insulation guarantees a good thermic insulation respect to
the environment of the lab.
For achieving improved temperature homogeneity, air flow inside box is manipulated
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by several air flow diverters. Different geometry and position of diverters are tested, in
order to achieve the optimal thermal homogeneity (maximum temperature gap about
0.3 K).

Not-Isothermal Zone Non isothermal zone includes all volumes of instrument af-
fected by thermal gradient. Thus, it incorporates whole volume of sample and refer-
ence chambers and a part of proximate conduits. The main targets for a successfully
chamber design is to maintain the thermal gradient in a precise and constant zone of
the chamber, for every working conditions. For these reasons, IDA adopts two heat
exchanger fed by the same chiller used to thermostat isothermal box. The first one is
the itself support of the chamber and it thermostats the bottom flange of chambers,
avoiding possible thermal damage of o-ring which guarantee the gas sealing. Finally,
a second heat exchanger is installed on the pipes directly connected to the chambers.
Its roles is to thermostat that pipe’s section, and the hot hydrogen which rapidly out-
comes from chamber, particularly during high temperature desorption process.
These precautions support the assumption that every volumes of apparatus have a
specific and constant temperature over every type of characterizations. Some thermo-
couples attached on pipe in the proximity of chambers, check the effective compliance
of such assumption. Thermal transpiration issue ([74]) is intrinsically resolved with
IDA, because it affects both sample line and reference line, and so doesn’t impact on
differential pressure measurement.

2.2.3 Theoretical Approach

The classical theoretical approach for volumetric method, epitomized in equation
2.1, presents several strong assumption (eg, neglecting inner volume of valves,...)
and some difficult aspects about procedures (eg, it needs to calibrate only chamber
volume at every variation of working conditions). In this work, the more appropriate
approach of Parilla [86] has been adopted. Such approach allows to reducing reliance
on unknown pressure in chambers and minimizing the error introduced by valve’
volumes.[79]
Considering a classical volumetric instrument layout (2.1), the mass balance equation
during a sorption investigation can be written as eq.2.5:

ni = ni n −neq = (ni
0 −ni−1

cl )− (ni
eq −ni−1

eq ) (2.5)

The amount of gas sorbed by the sample (ni ) is calculated as the difference between
gas mass charging in the only expansion volume (ni n , as difference between gas mass
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Figure 2.12: Scheme of chamber volume (left figure). Picture of chamber volume assmebled
with its holder and connected to isothermal box of IDA

present after charging step, ni
0, and before gas charging step,ni−1

cl ) and variation of gas
mass in overall apparatus at equilibrium condition (neq ,as difference between gas
mass in all apparatus volumes before step of characterization, ni

eq , and after expansion
gas step,ni−1

eq ). Fig. 2.13 represents the sequential step of measurements following
Parilla’s approach.[86] The measure starts from a state of equilibrium (eq.), defined
with cycle indexes (i-1). In the same cycle, the following step is indicated with cl-pedix,
where the main valves are closed. At this point, the main characterization step starts.
In the next cycle (i), the expansion volume is filled with pressurized H2, indicated
with a the index (0). When opening the main valves, the gas sorption phenomena
starts. Measurement stops when the system achieve the state of equilibrium (eq). This
method calculates the magnitude of sorption process measuring and calibrating only
the volume related the expansion of the gas and the overall volume of the instrument.
Other methods require the calibration of connected dead volumes, such as those
on the valves, which are difficult to estimate. Hydrogen uptake or release (n) can
be calculated through real gas law, including the compressibility factor (Z factor). Z
depends on the typology of the gas, on its Pressure (P) and Temperature (T) and it can
be easily deduced by NIST database [87].

nr eal =
P ·V

R ·T ·Z (P,T, g as)
(2.6)
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Figure 2.13: Description of a single measure. 0-mark means initial cycle condition, cl-mark
means condition after achievement of equilibrium state and after the closing of valves. Eq-
mark means equilibrium condition with all open valves.

If gas moles (nr eal ) are expressed through the equation 2.6, Eq. 2.5 can be rewritten
as:

ni =
[( P i

0

Z i
0

− P i−1
cl

Z i−1
cl

)
−

(P i
eq

Z i
eq

−
P i−1

eq

Z i−1
eq

)
λ
] VA

RTI SO
(2.7)

VA is the expansion volume of chamber side at isothermal condition. The parameter
λ represents the ratio between the total volume of the apparatus VT OT (including
chamber and expansion volume) and only expansion one (λ = Vtot /VA ). VA and
λ terms are carefully calibrated before each hydrogen measurement using an inert
gas (e.g. helium or nitrogen), with the sample at the working temperature and the
rest of apparatus at thermal equilibrium. The approximation of the ideal gas law
can introduce a systematic error on the measure of stored hydrogen in the sorption
process.
In differential layout, the hydrogen uptake in the sample is calculated through dif-
ferential pressure measures between the two identical volumetric sections. In this
case, the mathematical formulation changes with respect to eq. 2.7, introducing the
so called “reference section” – (index B) in a linear system:

ni ,a =
[(P i

0,a

Z i
0,a

−
P i−1

cl ,a

Z i−1
cl ,a

)
−

(P i
eq,a

Z i
eq,a

−
P i−1

eq,a

Z i−1
eq,a

)
λa

] Va

R ·Ti so

ni ,b =
[(P i

0,b

Z i
0,b

−
P i−1

cl ,b

Z i−1
cl ,b

)
−

(P i
eq,b

Z i
eq,b

−
P i−1

eq,b

Z i−1
eq,b

)
λb

] Vb

R ·TI SO

(2.8)
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ni ,b is equals to 0 for reference side. TI SO indicate the temperature of isothermal
zone of apparatus. Merging the common terms in the equation 2.8 and adopting the
definition of differential pressure ∆P = P A −PB ,

ni =
[(∆P i

0

Z i
0,a

− ∆P i−1
cl

Z i−1
cl ,a

)
−

(∆P i
eq

Z i
eq,a

−
∆P i−1

eq

Z i−1
eq,a

)
+P i

0,b

( 1

Z i
0,a

− β

Z i
0,b

)
−P i−1

cl ,b

( 1

Z i−1
cl ,a

− β

Z i−1
cl ,b

)
+P i−1

eq,b

( λa

Z i−1
eq,a

− βλb

Z i−1
eq,b

)
−P i

eq,b

( λa

Z i
eq,a

− βλb

Z i
eq,b

)] Va

R ·TI SO
(2.9)

Where β represents the volume ratio between sample and reference expansion vol-
umes (β=Vb/Va), while λa and λb are volume ratios between overall volume and ex-
pansion volume, respectively for sample and reference sections (λa =Vtot ,a/Va ;λB =
Vtot ,b/Vb). Finally, four terms of eq-2.9 have to be calibrated in order to perform a
proper measure with a differential volumetric instrument: λa , λb , β and Va . In next
section, calibration approach will be explain to complete the overview about theory
of differential apparatus.

Compressibility factors

Compressibility factor is generally estimated by EoS (Equation of state). Among them,
Redlich-Kwong-Soave (RKS) [88], standardised equation [89] or more general MBWR
equation [90] are the most widely used mathematical formulation of EoS. In this work,
MBWR (Modified Benedict-Webb-Rubin) equation 2.10 was used to calculate the
compressibility factor,

P = ρRT +
19∑

j=1
G( j )ρk j Rm j +

32∑
j=20

G( j )ρk j Rm j eγρ
2

(2.10)

P is the pressure, T is temperature, R the constant of gas and ρ the density of gas.
G( j ), k j , m j are the 32-terms of MBWR equation. The utilized parameters are ob-
tained by the literature [90]. The estimation of Z-factor is performed through iterative
calculations (secant method) as reported by [52], rewritting eq. 2.10 as:

f (ρ) = ρRT +
1∑

j=1
9G( j )ρk j Rm j +

32∑
j=20

G( j )ρk j Rm j eγρ
2 −P (2.11)
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with the iteration formula ,

ρk+1 = ρk −
f (ρk )(ρk −ρk−1)

f (ρk )− f (ρk−1)
(2.12)

The real gas density is estimated by iterative loop calculation up to a sufficient tol-
erance. Final compressibility factor is evaluate as the ratio between real calculated
density and the ideal one. As initial values for the stating of iterative process is: 0
and the ideal gas density, P/(RT). The values of the compressibility factor are in good
agreement with data obtained by NIST. In the range of pressures and temperatures
considered in the paper, the compressibility factor is close to one, while its error is
approximately 0.02%, as reported also by [87].

Volume calibration

Volume calibration is the operation to obtain an estimation of λa and λb , before
doing any further measures. On the contrary, the β and Va terms are measured at
every change in the instrument configuration (transducer replacing, modification of
connections or pipe, et.). The calibration procedure can be divided in two separate
case. The first regards the estimation of the expansion volumes in the instrument (Va

and Vb , and related β value) at isothermal conditions. This is called “basic calibration”.
The second operation is the estimation of λa and λb at working conditions (called
“working calibration”).

Basic Calibration The adopted methodology for "basic calibration" has been specifi-
cally designed to avoid any significant change in the configuration and to get a better
estimation of the expansion volume at isothermal conditions.
Initially, two external volumes (V1 and V2), were calibrated through water filling, fol-
lowing the NIST procedures [91].
V1 and V2 volumes are carefully thermal insulated and cleaned. Once calibrated,
they are installed in IDA, replacing the reference and sample chambers. The basic
calibration procedure involved initially the gas filling of the expansion volume (Va

and Vb) at fixed pressure (P0). Following, the gas expands on the external volume (V1

or V2) at P f , previously maintained in vacuum. Several gas expansion at isothermal
condition was performed, and initial and final pressure data are collected at thermal
equilibrium. The inert gas used in basic calibration is nitrogen.
The described procedure allows the definition of the following system of equations for
each internal expansion volume V i

a , where i-terms indicates the different size volume
in IDA (Super, Small, Mid and Big) and a-pedix, the branch of apparatus (sample or
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reference one):
P0,1V i

a

Z a
0,1

= P f ,1

Z a
f ,1

(V i
a +Vconn +V1)

P0,2V i
a

Z a
0,2

= P f ,2

Z a
f ,2

(V i
a +Vconn +V2)

(2.13)

P is the pressure measured at the thermal equilibrium and f and 0 pedixs indicate
initial and final state. T the isothermal temperature of overall instrument, Z is the
compressibility factor (depending exclusively by pressure) while Vc onn is constant
volume between the expansion volumes and the external ones. In order to maintain
the most costant as possible the Vconn-terms, external volumes are installed using the
same connections and pipes.
Basic calibration has been performed several times, in order to have a sufficient
number of data (approximately 30) to apply statistical method for the estimation of
errors (both causal and systematic ones).

Working Calibration Respect to the previous calibration, in working calibration, λa ,
λb are estimated at every change of sample materials or working temperature. Such
calibration is similar to the basic one, performing steps of gas charging in expansion
volume and gas expansion into the chamber previously maintained in vacuum. In this
case, the aim is to estimate the ratio between the expansion and the overall volumes for
each section of the instrument (sample and reference ones) with the sample material
at working conditions. Nitrogen was used as inert gas in the calibration procedure,
to preserve the properties of air sensitive samples. A model similar to the equivalent
volume approach of Gray et Al was applied [9] to evaluate Vtot (and so, λa and λb).
Such approach measures a fictitious or equivalent volume Vtot corresponding like
the overall instrument volume is at isothermal condition, considering portion of
volume involved in thermal gradient as an equivalent volume at constant temperature.
Formulation for λi is derived by real equation of gas (eq.2.6), as:

λn = Vtot (P,T [x])

Vn
= P0

P f

Z (Ti so ,P f )

Z (Ti so ,P0)
(2.14)

So, it is possible to express Vtot by eq. 2.15: an isothermal contribution, which includes
the volume of the apparatus at the same temperature of the reference volume, and a
non–isothermal contribution.Last one depends on the compressibility factor and the
temperature gradient T[x] along the chamber volumes, (where x is spatial coordinate
which identify the characteristic lengths of chamber):
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Vtot (P,T [x]) =Vi so +
∫ X

0

Z (P,Ti so)Ti so

Z (P,T [x])T [x]
A(x)d x (2.15)

Not-isothermal volume is resumed in the mathematical integration on the portion of
volume affected by the thermal gradient (A(x) is the section profile of sample volumes).
Under rigorous point of view, Vtot (and so, λa and λb) values depend on pressure as
well as on the utilized gas (eq.4), while Vtot is considered constant. Such approxima-
tion is justified and validated in the next sections.

Assumption

The physical model hereby described includes several assumptions principally on the
volume calibration (and so on the calculation of sorbed gas), which could increase
the error on the measurements. For this reason, these assumptions must be carefully
considered and justified.
The estimation of the volume can be affected by gas physisorption phenomena, which
involve the surface of the storage material and the itself wall of instrument. This
contribution can be considered negligible because metal hydride materials, hereby
studied, have a low specific surface with respect to other materials with bigger ph-
ysisorption phenomenon. Sorption process is studied at higher temperature (T>300
K) and at lower pressure (≤ 1.5 MPa). At these conditions, physisorption phenomena
are reduced. Moreover, the method used in this work realizing the measures with
a differential layout, allowed the drastic reduction of uncertainty caused by gas ph-
ysisorption on the walls, because it occurred with approximately similar contribution
on both parts of IDA (sample and reference sections), provided of identical volumes.
Uncertainties caused by variations on the thermal gradient during the analysis are
neglected because it is considered limited to a specific portion of chambers’ volume
by proper adopted technical choices. This assumption is strengthened by the pres-
ence of two coolers on the both the chamber volumes. Furthermore, geometry of the
chambers presents a considerable ratio between length and radius of pipes and cham-
bers (and so a more intimal contact between metallic wall and gas), a considerable
thermic inertia and proper thermal insulation which contribute to the local thermal
equilibrium approximation.
Uncertainty due to the use of two different gasses in the procedures of calibration
(nitrogen) and characterization (hydrogen) has been carefully studied. Such uncer-
tainty impacts on the estimation of Vtot and consequently,λa and λb . The errors is
focused in the evaluation of at non-isothermal volume, as expressed in 2.2, because
the compressibility factor depend also by nature of gas. This equation shows the de-
pendence of the total volume on gas used, represented by the compressibility factors
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Z. However, It is possible to estimate the uncertainty caused by such approximation.
Assuming a constant temperature gradient in chambers’ volume at a defined working
temperature, and rearranging the eq.2.2, it is possible to express the error in the Vtot

estimation as:

χ
g
Vtot

= |V H2
tot −V N2

tot | =
∫ X

0

Ti so

T [x]
A(x)

( Z H2
Ti so

Z H2
T (x),P

−
Z N2

Ti so

Z N2
T (x),P

)
d x (2.16)

From eq. 2.16 it is possible to estimate the maximum error associated to the uti-
lization of different gases during the calibration steps. Considering a worst possible
case (overall volume sample chamber equals to 10 cm3, calibrating pressure of 3 bar
and a homogeneity distributed working temperature of 400◦C in all not-isothermal
volumes), the integral formulation of eq. 2.16 can be simplified to a product of terms,
obtaining the maximum hypothetical error of +0,02 cm3, defined as the maximum un-
certainty for the use of two different gas for the estimation of not-isothermal volume.
In real conditions, chamber’s volumes have a thermal gradient and not a homogeneity
distributed high temperature,so the volume error is smaller than the value estimated.

Similar to the previous case, Vtot and consequently,λa and λb , are considered inde-
pendent to the pressure. This is an important source of systematic error because the
Z factor is pressure-dependent. The error can also be estimated again by eq. 2.16.
obtaining the variation of compressibility factor from calibration of the maximum
and minimum hydrogen’s pressures.

χ
p
Vtot

= |V Pw
tot −V Pc

tot | =
∫ X

0

Ti so

T [x]
A(x)

( Z (Ti so ,Pw )

Z (T (x),Pw )
− Z (Ti so ,Pc )

Z (T (x),Pc )
d x

)
(2.17)

Using eq. 2.17, the maximum hypothetical error (applying the same previous hy-
pothetical condition) for a calibration step performed at 0,3 MPa, is +0,03 cm3 for a
hydrogen storage analysis run at 1,5MPa, while it is -0,01 cm3 for an hydrogen storage
analysis run at 0,1 MPa.
Systematic error due to different gases from hydrogen and/or applying a different
working pressure from the one used in the calibration steps has been taken in consid-
eration. However, their impact in final uncertainty is not relevant and can be neglected
in error estimation for the range of pressure and temperature considered.

2.2.4 Uncertainty analysis

In previous section, the justifications for the model’s assumptions are exposed to
evaluate possible systematic causes in final uncertainty. However, error associated to
gas sorption measurements have to take in considerations even many other factors.
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As described above, Gas moles sorption is calculated as function of several parameters
(temperature, pressure, volume,et...) from eq. 2.9. Every single variables is affected
by a characteristic uncertainty. Assuming a normal distribution of data (with no sys-
tematic errors), such uncertainty is generally associated to the standard deviations of
the variable population, which correspond to the casual errors on measures . About
physical measurements, as temperature or pressure, uncertainty on data is typical
expressed by accuracy of transducers, reported on data sheet of device. So, uncertainty
on final sorbed moles can be calculated through the classic error propagation the-
ory. Neglecting variable correlations or assuming independent variables, a common
formula among engineers and experimental scientists is applied to calculate error
propagation. Based on eq. 2.9, mathematical formulation for the error propagation is:

χn =
√

n∑
k=1

( δn

δxk

∣∣∣
a
χxk

)2 (2.18)

εn is the final uncertainty on gas moles measures. It is calculated as the error propa-
gation of every variable xk with error εxk , involved in the measurement. Any single
uncertainty’s contribution include two terms: first one is the proper errors of con-
sidered variable, while the second one involves how such parameters impact on the
amount of sorbed mole. Last term is mathematically resumed as the derivation of
the main equation respect with the considered value. In tab.2.2, the main physical
variable estimation with relative errors are reported.

Table 2.2: Resuming table of variable and associated absolute and relative uncertainty. Errors
for β, λ and Va are purely indicative and it represents an average values considering the
experimental conditions.

Variable χabs χ%

Differential Pressure 1.5E-4 [bar] 0.01 [%]
Absolute Pressure 1.5E-4 [bar] 0.01 [%]

Temperature 0.5 [bar] 0.08 [%]
Expansion Volume [Va] 6E-5 - 1.8E-3 [liters] 0.01 [%]

β 1E-4 [1] 0.03 [%]
λ 1E-4 [1] 0.6 [%]

Z-factor 2E-4 [1] 0.02 [%]

For the sake of clarify, in next part of this document, uncertainty on measures are
exclusively obtained by 2.18.
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2.2.5 Software

Generally speaking, characterizations of potential hydrogen storage material can take
a considerable amount of time. Considering thermodynamics study (e.g. PCT) that
requires the achievement of a pseudo-equilibrium of sample-hydrogen system, a
typical analysis can take several hours.
For this reason, a proper automatic control is necessary to speed up processes of
characterization, reducing time delay of all manual operations that a operator should
be run manually (stability check, gas loaded, etc ). Automatic control monitors overall
system, guaranteed a low level safety procedure when an emergency occurs (hydrogen
leakage, chemical hood fault, etc.).
The realization of a suitable electronic unit and relative management software could
be seemed a fancy frill for the development of final measuring apparatus, but it is
generally the main cost in a commercial instrument.
Software was realized in ™Labview environment. The architecture of software include
several parallel cycle loop, to optimize the time cycle, which run respectively:

• Data collecting loop. It includes other three parallel loop cycles to collect at the
optimal speed every signal from instrument (pressure transducer, temperature
transducer and digital relays).

• Safety loop. Collected data are elaborated in safety loop to ensure the respect
of previous set parameter, and in case to turn off and to secure instrument and
laboratory. The case of alarm are discussed below.

• Program loop. It includes all instruction to autonomously operate the different
characterizations (thermodynamics and kinetics one)

• GUI loop. A proper loop which visualize collected data. It include the manual
control on the instrument and the setting of main parameters.

Data collection loop is composed by three sub loop to acquire at most optimal time the
conditioned signal data. IDA collecting times are: 0.4 s for highly accuracy pressure
sensor data, 1.5 for highly accurate thermocouple signal and 10 ms for relays signal.
Safety loop is a mandatory component of software. IDA operates with high pres-
sure hydrogen gas, in presence of high temperature points (chambers). It is a strong
risk of interference as well as the inflammable nature of hydrogen. IDA software
autonomously activates safety procedure for 4 main reason: hydrogen gas in air out-
side of instrument, malfunction of fume hood where apparatus is placed, excess of
temperature in the chambers and finally excess of gas pressure in the instrument.
Safety procedure is basically the same for all emergency signal. Any active procedure
is stopped, all valves are closed to compartmentalize the instrument’s volume and
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chamber’s heaters are turn off, waiting operator action.
Program loop collects all instruction for the performing of a correct operation of
measurements. Initially, it has been developed a procedure to pressurize or evacu-
ate at fixed pre-setting pressure a selected volume of apparatus. Then, every single
operation (self calibration, kinetics or thermodynamics characterizations) has been
realized repeating the basic operation, with proper constraints, setting by operator.
Generally, automatic procedures require proper algorithm to determine the ending
and the starting of any procedure step. They regard: the stability of physical signal
(as temperature and pressure), the evaluation of correct pressure for every operation,
the evaluation of compressibility factors and a estimation of uncertainty on the gas
sorption.

Stability Algorithm In thermodynamics measurements, equilibrium time is funda-
mental for a correct characterization of HSM. The requirements to forwards to next
steps of measures have to take in consideration the achieving of equilibrium in the
sorption process and also the thermal equilibrium of the apparatus ([50]). IDA soft-
ware include a proper stability algorithm to evaluate equilibrium state of system,
monitoring the pressure (and so the profile of gas sorption), and the temperature of
instrument.
Algorithm collects the data of: differential pressure, the temperatures of volume in-
volved in the measures and finally, the temperature of chambers, in a specific period of
time selected by operator (default value is 300 s). The collected data are elaborated to
give, firstly, their statistical dispersion (difference between maximum and minimum
values) and secondly, the average absolute deviations (AAD) of every single arrays of
data. The requirements for the approaching of equilibrium state of system are applied
on the data.

• For differential pressure value, equilibrium state is considered achieved when
AAD value is less than differential pressure uncertainty.

• For temperature values of the expansion volume and chambers, thermal equilib-
rium is achieved when average temperature in the selected time is close to the
initial temperature (inside of the interval of the double of its uncertainty) and
the AAD of temperature data is less than pt-100 uncertainty.

Once the equilibrium requirements are satisfied, software starts the procedure for the
subsequent step. Such conditions allow to obtain accurate and reproducible data.
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Pressure setting IDA software implements a proper algorithm to calculate initial pres-
sure to set in expansion volume for any measures (both thermodynamics or kinetics).
Algorithm can be set in two way: or imposing a volume for the characterization (soft-
ware estimates the pressure from the calibration data) or set an estimation of HSM
proprieties (as gas storage capacity and investigated mass). In last way, software is able
to evaluate the optimal volume to use as a compromise between complete storage
characterization and uncertainty.
IDA is not equipped with a tunable pressure regulator so, the gas charging or discharg-
ing operations have to be carefully controlled to approach the selected value by means
to a dynamic approach. Gas inlet system is equipped with a metering valves to reduce
the flow of hydrogen incoming or out coming. Software controls such operations,
acting on the main valves of gas supply. When pressure of gas is in proximity of se-
lected pressure value, an proper algorithm stops the gas charging or evacuation at an
fixed pressure before the target (which depend by pressure itself and type of selected
volume) with sufficient delay to approach the set value. In this way, the control of
pressure is sufficiently high to be reproducible.

Compressibility factor estimation An additional algorithm for the calculation of Z
factor of gas is implemented in IDA software. As mentioned by [52], Z factor can
be calculated by iterative formula based on MBWR equation of state, as reported in
previous section. The data are fully in agreement with compressibility data factor of
NIST, evaluated through ™Refprop software.

Uncertainty estimation A proper algorithm based on eq. 2.18 and eq. 2.9 has been
developed for the estimation of uncertainty in gas sorption moles during the charac-
terization. Algorithm has been developed in ™Labview and associated with ™EES
(Equation Engineering Solver) sketch for the evaluation of single contribute of every
variable to final uncertainty.
Finally, last loop cycle in IDA software permits the visualization of data (fig. 2.14(c)), a

basic elaboration of sorbed moles during the characterization (fig. 2.14(b)) and the
manual setting of parameter as well as the manual control of instrument (fig. 2.14(a).

2.3 Experimental section

2.3.1 Objective of section

A complete study on the sorption properties of the material utilized for hydrogen
storage included several steps: degassing, activation procedure and, finally, kinetics
and PCT characterization. These operations were fully automatized in a software
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(a) Manual control interface

(b) Visualization Data interface (c) Sorption analysis Interface

Figure 2.14: Software interface of IDA.

specifically developed to control the IDA equipment. In the next section, a description
of any characterizing procedure is described. Next, an example of full calibration
of instrument is reported, considering the initial basic and final calibration. At the
end a performed null measurement (without sample) will give a partial confirmation
of the reliability and robustness of apparatus. Finally, in order to fully validate the
volumetric approach, hereby followed, palladium and magnesium sample have been
analysed.
The Palladium-Hydrogen system has been extensively studied, [92–100], also for val-
idation of characterizing instrument [65] . Based-Pd material owns a fast kinetic of
sorption process and allows ignoring the effect of poisoning with O2 and moisture.
For these reasons Pd has been chosen as reference material to calibrate the IDA in-
strument. However, palladium measure are performed at relative low temperature
(maximum 400 K) and low pressure (maximum 2-3 Bar).
For these reason, in order to validate IDA also for high temperature and higher
pressure studies, magnesium sample has been chosen as second reference mate-
rial. MagnesiumH2 system is well known [101–105]. Moreover, the highly chemical
reactivity respect to air/oxygen/moisture of magnesium allows to fully test the air
sensitive procedure in IDA. Characterization on magnesium sample has occurred at
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relatively high pressure for metal hydride system (0.5-1 MPa) and at higher tempera-
ture (633 K) respect to Palladium study.
In the next discussion part, any gas sorption characterization performed with IDA, is
compared with an analogous Sievert instrument, in order to confront performance on
measurements and their uncertainties between these two type of layouts. The sample
section of IDA fig. 2.4 was isolated to be used as a classic Sievert apparatus. Eq. 2.7 is
applied to calculate the sorbed moles and the uncertainty propagation.
The scope of such analysis is to investigate the performance of an classic instrument
layout respect to the new differential one, but with same characteristic design and
management as: volume’s sizes, temperature management and procedure.

2.3.2 Procedure

IDA implements: null measurement test, degassing operation, Activation procedure,
kinetics characterization and thermodynamic characterization (PCT). In this section,
the procedure applied for the analysing of reference materials are described.

Null measurement Null measurements are basically a series of kinetics analysis per-
formed on empty chambers to check the effective null sorption both for uptaking
and releasing process. Generally can be performed with or without loaded sample,
although last option requires inert gas (e.g. nitrogen). Assuming no physi-sortpion
phenomena, it is possible to evaluate goodness of mathematical model, hereby devel-
oped.
Considering null sorption, ni = 0 in eq. 2.9, null tests are used to check and validate
parameters estimated from previous calibration operations. In the experimental sec-
tion, a null measurements is performed with hydrogen gas and no sample charged in
the chamber, in order to validate theoretical approach.

Degassing Degassing operation is required to clean the material surface, remov-
ing contaminants from the samples (e.g. solvents, not reacted precursors) and ph-
ysisorbed on the chamber’s walls. The degassing procedure was carried out in vacuum
at a temperature of 360◦C for a variable time. It is considered complete when the
inside pressure of the instrument approach the limit pressure of the vacuum pump
(in the range 1-5 Pa).

Activation Activation procedure is required to achieve the real kinetics performance
of the analysed sample, especially to study reversible cycling of hydrogen storage. In-
deed, the activation mechanisms involve several phenomena: the surface segregation
of the metallic particles, the phenomena of cracking of the oxidized surface layer or
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simply the rupture of material grains caused by changing abruptly its volume with the
consequent exposition to gas of the new clean surfaces [93, 95]. So, through a series
of complete hydride and de-hydriding reaction, sample asymptotically approach its
maximum kinetics proprieties.
In this work, the activation procedure was carried out with a series of fully absorption
and desorption processes at high temperature (633 K) and with high driving force
(1 MPa hydrogen pressure for absorption step and vacuum (1-10 Pa) for desorption
analysis). The procedure is autonomously performed by IDA. Activation procedure
can be considered as a cycling characterization, which operates in the same way.

Kinetics Characterization The kinetics measurements represented the time evolution
in the sorption process, with a transient described by an asymptotical evolution from
zero, at the beginning of the process, to a maximum value, corresponding to the maxi-
mum sorbed capacity of the tested material. That procedure is generally performed
at constant pressure and temperature; nevertheless, for an isochoric apparatus it is
difficult to maintain a perfect isobaric condition. For this reason, some solutions are
indicated in bibliography: Mac Gray proposed a layout of the experimental apparatus
with a variable volume, which changes in order to maintain the same pressure during
the experiment [9]. Checchetto et Al [51] introduced an interesting automatic proce-
dure to fill or evacuate small amount of gas contained in the apparatus in order to
maintain the value of pressure within a limited range. Another option is to reduce the
variation of the pressure at the end of measurement, applying a big volume for kinetics
measurements. IDA can be managed on both of two last described procedures.

PCT Characterization PCT measurements were carried out through sequential gas
expansion steps (called also multi-micro-kinetics) in order to obtain the value of
hydrogen concentration in the sample at different pressures and at thermodynamic
equilibrium. Generally, PCT is plotted with H2 concentration in metal in x-axis (or
sorbed moles) and H2 pressure in y-axis.Van’t Hoff equation (eq.2.19) can be applied
to estimated enthalpy and entropy of hydriding or de-hydriding reaction, which is
compared with literature data to validate instrument and method applied.

l n(
Peq

P0
) = ∆H

RT
− ∆S

R
(2.19)

Peq is the equilibrium pressure, characteristic of the gas sorption reaction with specific
∆H and ∆S. P0 is the pressure reference (0.1 MPa). This procedure has a great
disadvantage: the error of every expansion step is accumulated resulting in a bigger
final error. For this reason, some works reported in bibliography adopted an extreme
solution: to restore the sample at initial conditions after every step of gas expansion,
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hydrogen is completely filled or evacuated [106] . In this work, cumulative micro
kinetics study on IDA were performed to obtain PCT plot. The cumulative error is
restrained due to the high accuracy of apparatus and low uncertainty on each kinetic
step.

2.3.3 Validation 0: Not isothermal Calibration and null measurements

In this section, the basic and an example of working calibration were reported. Next,a
null measurement was performed with hydrogen gas to demonstrate robustness,
reliability and reproducibility of differential measures in gas sorption analysis. The two
extreme volume size (the smallest and the biggest one) were taken in consideration
for null measurements.

Basic calibration

As described in previous section, the basic calibration estimates the size of expansion
volumes of IDA, installed inside isothermal box. The developed procedure allows to
calibrate expansion volume with high accuracy, as well as taking in consideration the
small but not negligible dead volumes of valves.
Two external volume’s sizes (V1 and V2) were previously calibrated by gravimetric
method ([107]), respectively (137.2 ± 0.1 cm3 and 475.7 ± 0.12 cm3). The solution
of the equation 2.13 allowed the calculation of the volumes of internal vessels, by
volumetric approach, excluding dead volumes (e.g. from valve connections and pipes)
which are very difficult to individually estimate (Vconn). External volumes were con-
nected to the instrument with same fitting fitting in order to keep constant the Vconn .
The pressure values were collected through differential pressure transducers, main-
taining the complementary section in dynamic vacuum conditions, with a successfully
approach introduced by [106], which increases accuracy of pressure data. Calibrated
values of Va were reported in tab. 2.3 with relative errors. Value of Vb (expansion
volumes of reference side) can be derived by definition of β=Va/Vb . Uncertainty on

Volume Va [cm3] χVa [cm3] χ% β [1] χβ [1]

SUPER 47.06 0.08 0.23 0.962 0.002
SMALL 86.29 0.14 0.15 0.982 0.003

MID 196.40 0.34 0.28 0.991 0.003
BIG 1043.5 1.8 0.21 0.997 0.002

Table 2.3: Estimation of Va volume and β in IDA from "basic calibration".

values (χ) in table 2.3 took in consideration: errors propagations of uncertainty of any
single parameters in eq. 2.13 (as error on estimation of external volumes, uncertainty
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on temperature and on pressure data) and the statistical deviation of the data popula-
tion value. In last case, it assumed a normal distribution of the casually distributed
value. The deviation from the mean value of the normal data population of 2σ (95%
of data) was assumed as value’s uncertainty.

Example of Working calibration

While basic calibration is performed at every structural changing of instrument, it
is necessary to calibrate λa and λb after every sample loading or different working
temperature.
In order to perform a null test measurement, a typical working calibration was con-
ducted as example of the followed procedure. The basic rule for this operation is that:
instrument must maintain the same temperature condition both during calibration
and characterization operation. Firstly, a degassing procedure is followed in order to
remove possible gas contaminants that can affect calibration measurements. Con-
temporaneously, it is a good practice to run the self-tuning of PID algorithm at the
working conditions, in order to stabilize as more as possible the thermal condition of
the chambers. IDA software can set self-tuning from GUI.
Working Calibration involved with a series of gas expansion, between the expansion
volumes of IDA and the respective chambers. Value of λa and λb were derived by eq.
2.14. Final data pressure after every expansion step was collected when system ap-
proached thermal equilibrium. In this example, working calibration performed with
working temperature at 633 K, isothermal temperature at 297.5 K with a calibration
pressure of 3 Bar.
Calibrated values was reported in tab. 2.4. The estimation of λ-terms completes the

Side Volume λ[1] χλ[1]

Sample

Super 2.0038 0.0002
Small 1.5475 0.0008

Middle 1.2404 0.0005
Big 1.04537 0.00009

Reference

Super 2.0529 0.0002
Small 1.562 0.001

Middle 1.2439 0.0008
Big 1.0459 0.0001

Table 2.4: Estimation ofλ parameter both for sample and reference side of IDA. ελ are obtained
substituting eq.2.14 in eq.2.18.

calibration of IDA for a specific temperature.
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Hydrogen Null test

Hydrogen null test was performed on IDA without loading sample in order to pre-
liminary verify mathematical model and experimental set up. Null measurement
run, using respectively the two extreme volume size equipped in IDA: the smallest
one (called super) and the biggest one (called big). The reason of the using of these
volumes was because they reflected the ultimate strengths and weak points correlated
to the size of expansion volume in a volumetric instrument.
Super volume allow to exploit the maximum moles resolution in a gas sorption charac-
terization, unfortunately its investigation range is limited to the differential pressure
span. Otherwise, Big volume can study a wide spectrum of mass sample, with a
considerable gas storage capacity, regrettably its moles resolution is low. Obviously,
also the measurement’s accuracy is correlated to the volume size, in similar way of
moles resolution. Characterizing gas was hydrogen, in pursuance to simulate a real
measurement and evaluate calibrated parameters, previously estimated. Null test run
at high working temperature (633 K) and in the typical investigated range of pressure
of metal hydride materials (0-1 MPa). The scope of these test was to validate the
theoretical approach on differential apparatus and the assumption made.

Super volume First null measurements performed on the "SUPER" volume (47.06
cm3) included a null measurement of PCT study at 633 k and in a range of pressure
of 0.1-0.9 MPa. Elaborated data were compared with the reciprocal Sievert. From fig.
2.15 is possible to quickly note as differential layout reported a lower uncertainty on
the measurement respect to the classic volumetric layout. So the cumulative errors
grew less, allowing a sufficient accuracy for the whole step of PCT plot.
About calibration, it was possible to confirm a relative good agreement of data with
a null test. However, there was a drift in the points, which tended to distance from
0-value. This trend can be cause by a relative tiny systematic error of calibrated data,
which was cumulate in every step. Nevertheless, error bars of points included 0-value,
physically confirming the goodness of previous calibration operation for the super
volumes.
Second null measurements performed on the "SUPER" volume (47.06cm3) included
the simulation of kinetics measurement at 633 K and 0.5 MPa. Fig.2.16 compared a
null kinetics test performed at 0.5 MPa. also in this case, differential layout showed
a higher accuracy respect to classic "Sievert" apparatus. Also in these case, the two
scale’s plot differed for an order of magnitude.
However, during the null measurement there was an accidentally and involuntary
strong variation of temperature in the isothermal section of instrument. It is interest-
ing to note as temperature fluctuation impacted on the both layouts. In the differential
design, there was a slight oscillation in the asymptotic trend of values. Instead, classic
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Figure 2.15: PCT Null measurement performed with Super volume. The two plot compares
the null test obtained with differential layout (right) and the complementary "Sievert" layout.
The red line is only a "eye guide" for the 0-value. The sorption mole scale is the same for the
two plots.
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Figure 2.16: Kinetic null test performed with Super volume. The two plot compares the null
test obtained with differential layout (right) and the complementary "Sievert" layout. The
inserted plot is the isothermal temperature of apparatus. The sorption mole scale for IDA
layout an order of magnitude less than "Sievert" one.
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design showed a important raising tendency in the measurement of gas sorption
moles. It was possible to attribute this affection at the temperature oscillation. Indeed,
a suddenly cooling of the isothermal box (inset plot in fig. 2.16) could causes a fake
gas uptake (for the no compensated pressure reductions), as it was reported in the
plot.
In the first seconds of both null test, there was a strong oscillation of gas sorbed value.
This was due to the absence of sample in the chamber which guarantees the contact
between thermocouple sensor and chamber’s wall. For this reason, a quick gas expan-
sion, in particular from vacuum conditions, caused a significant variation of the local
temperature of chambers, sufficient to impact on the equivalent volume estimation
and giving a fake sorption signals. This phenomenon was temporary, and tended to
decrease in few minutes when the PID control of heating system compensated the
temperature bias. In the real characterization operation, the presence of a sample in
chamber, drastically minimized this issue.

BIG volume As for the previous case, a null measurements performed with "BIG"
volume (1043.5 cm3) of IDA was reported. Working temperature was 633 k and the
investigated range of pressure was 0.1-0.7 MPa. Elaborated data was compared with
the equivalent Sievert system. Also with Big size volume, differential layout showed a
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Figure 2.17: PCT null test performed with Big volume. The two plot compares the null test
obtained with differential layout (right) and the complementary "Sievert" layout.

intrinsically higher accuracy than the classic layout. Null measurement confirmed
also in this case, the goodness of calibrated parameter and the preliminary corrobora-
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tion of mathematical model of gas sorption estimation.
Basing on the uncertainty results of fig. 2.15 and 2.17, it was clear how a well PCT
analysis must is compensated by the possibility to characterize bigger sample, and to
perform kinetics characterization in static mode, with only small variation of pressure
(kinetics driving force).
Second null measurements on Big volume considered a kinetics measurements at 633
K and 0.5 MPa.
A temperature’s fluctuation in the isothermal zone occurred during null measure-
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Figure 2.18: Kinetic null test performed with Big volume. The two plot compares the null test
obtained with differential layout (right) and the complementary "Sievert" layout. The inserted
plots are: the isothermal temperature of apparatus (left inset plot) and chambers temperature
(right inset plot). The sorption mole scale for IDA layout is an order of magnitude less than
"Sievert" one.

ments (temperature left plot in fig. 2.18). It was interesting to note as even for big
expansion volume, differential measurement was not affected by this variation. At
the contrary a classic analysis showed a continuous drift of the final data, caused by
cooling gas in expansion volume.
Unfortunately, a wrong command in PID heating of reference chamber, changed
for few minutes the temperature set-point (visualized in temperature right plot in
fig. 2.18). It caused an artificial variation in the gas sorption quantity calculated by
differential layout (red cycle in the cited figure). When such interference disappeared,
estimated values approached again the real one. Last test preliminary confirmed math-
ematical models developed for IDA and goodness of working and basic calibration
procedures.
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2.3.4 Validation 1: Palladium sample

First round of measurements with reference sample were performed with high purity
palladium (>99.999%) purchased by Sigma-Aldrich (CAS 7440-05-3) using a sample of
(215,3 ± 0.1) mg. Palladium has been chosen because its sorption reaction occurs at
conditions not so far from standard one (300-400 k, in a range of pressure between
0-0.5 MPa). Consequently, it is suitable for initial testing IDA at mild conditions.
Procedure for the analysis included: a overnight (12h) degassing operation at high
temperature, a working calibration step at the proper temperature and next, the char-
acterization operations.
Absorption and desorption PCT characterizations were performed at respectively 400
K, 343 K, 323 K and 303 K in a range of pressure between 0 and 0,45 MPa. Extrapolated
data by PCT study were compared with data in literature to check the reliability of
instrument and goodness of theoretical model applied for the sorbed moles estima-
tion. Two single PCT plot for absorption and desorption curve obtained by IDA and
"classic" layout were compared to analyse the differences in performance between
the two volumetric approach.
Kinetics absorptions and desorption measures were collected to complete the study
on Pd sample. Also in this case, kinetics results of IDA were compared with the identi-
cal study performed with a identical classic "Sievert" layout to observe the difference
in terms of measure’s accuracy. Finally an uncertainty analysis was performed on the
results of PCTs and kinetics study of Pd sample, to individuate sources of errors.
About activation step, for the palladium sample, three full cycles of activation proce-
dure were sufficient to ensure its maximum gas sorption capacity and kinetics and
continue on subsequent study. For sake of clarity, uncertainties, resumed in the next
plots as error bars, were calculated by uncertainty propagation theory (Taylor expan-
sion) , reported in eq. 2.18. Middle volume of IDA was used. Such volume size allowed
to estimate with sufficiently accuracy the hydrogen sorption reaction, but at the same
time, it conserved almost constant driving force of process.

PCT study

Thermodynamics study of Palladium sample included a series of PCT characterization,
with the aims to extrapolate pressure equilibrium values of absorption and desorption
phenomenon at fixed temperature.
Fig. 2.19 reported absorption PCT analysis. δP approach was applied for the thermo-
dynamic study. Unfortunately, Pd sample has a very low equilibrium pressure at room
temperature (in a range between 10−3 −10−2 MPa), and the management of gas load-
ing step in expansion volume of IDA was not so efficient for those low pressure studies.
So, minimum amount of hydrogen added at any step of PCT characterization was not
sufficiently small to resolve plateau region of Pd sample with a suitable number of

53



Chapter 2. Design and development of a novel instrument to assess physical properties of
hydrogen storage materials

points. Fig. 2.19 reported the Pressure-Composition study on Pd sample for a series
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Figure 2.19: Pressure Composition Temperature study for Pd sample. X-axis value of (a) are
the weight percentage of hydrogen in the palladium.

of absorption isothermal measures (303, 323, 343 and 400 K). Equilibrium pressure,
or plateau equilibrium in PCT plot, were extrapolated by the middle point of any
curve reported in fig. 2.19(a). Equilibrium pressure data were plotted in well known
Van’t Hoff plot (ln(Peq ) vs 1/T), in fig. 2.19(b) to estimate thermodynamic parameter
of absorption reaction from Van’t Hoff relation (eq. (2.19)). Linear regression model
was applied on van’t hoff plot, fig. 2.19(b), to evaluate linear coefficient and intercept
of Van’t Hoff plots. Linear model fitted very well the experimental data (R2 > 0.999).
For the palladium sample, considering R costant of gas (8.314 J/(K mol)), absorption
enthalpy were evaluated equals to 37.8 ± 4 kJ/mole. With the same approach, absorp-
tion entropy of reaction was evaluated equals to 93 ± 2 J/(K moles). Uncertainty on
thermodynamics data were evaluated by the linear regression model by ™Origin 9
Pro software.
Second PCT study was performed to study thermodynamics proprieties of hydrogen
desorption process in Pd sample, fig. 2.20. Respect to absorption study, the control on
gas loading in the chamber was more efficient for low pressure values. Indeed, in this
case the step’s pressure for any points of fig. 2.20(a) were only limited by expansion
volume’s size and initial pressure, which could be at minimum the limit vacuum pres-
sure of vacuum pump.
As for previous case, equilibrium pressure of desorption plot in fig. 2.20(a), were elab-
orated and plotted as Van’t Hoff plot, fig. 2.20(b). Equilibrium pressure values were
estimated from the middle point in the plateau region of PCT measures. Linear re-
gression model was applied with a robust result (R2> 0.999). Enthalpy for desorption
process were estimated equals to 39.9 ± 1.2 kJ/mole, while entropy of desorption
reaction was 93 ± 4 (J/(K moles)).
In tab 2.5, previous results were summarized with reference value found in literature
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Figure 2.20: Pressure Composition Temperature study for Pd sample. X-axis value of (a) are
the weight percentage of hydrogen in the palladium.

for thermodynamics proprieties of Pd-Pd-H2 system.

Ref. Reaction ∆H [kJ/moles] ∆S [kJ/(K moles)]

This work
ABS 37.8 ± 1.2 93 ± 2

DES 39.9 ± 4 93 ± 3

[99]
ABS 37.4 ± 0.3 92.5 ± 0.5

DES 39.0 ± 0.58 92.5 ± 1.3

[100]
ABS 39.5 ± 0.2 -

DES 41.6± 0.4 91.2 ± 0.8

[108]
ABS 38.1 ± 0.3 93.2

DES 38.56± 0.3 93.2

Table 2.5: Resuming table of thermodynamics data for Pd material, reported in literature

Value of reaction enthalpy and entropy energy obtained by IDA are within the range
of reference data in literature, confirming the goodness and reliability of instrument
and its measurements. The sample uncertainty on the final value of ∆H and ∆S
are probably due to consistent uncertainty in pressure data acquisition. Indeed for
low temperature study, Pd-H system showed an equilibrium pressure extremely low
(approximately 1000 Pa at 303 K)[92], too close to the instrumental errors of pressure
transducer (± 5000 Pa) and so, increasing relative uncertainty on the pressure data.
Finally, a comparison between differential and classic "Sievert" layout was reported.
Two PCT, absorption and desorption on Pd sample were compared in fig. 2.21. Com-
parison plot regarded two Pressure-Composition Isotherm study performed at 400 K

55



Chapter 2. Design and development of a novel instrument to assess physical properties of
hydrogen storage materials

on Pd sample. In absorption PCT investigation reported, in fig. 2.21(a), uncertainty
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Figure 2.21: Comparison of results and uncertainties obtained by a classic "Sievert" layout
and the differential "IDA" layout.

on absorbed moles achieved a value of 1.9 ·10−4 moles at the end of thermodynamic
study performed with classical layout, while differential one approached value of
1.3 ·10−5 for the identical number of steps. In similar way, final moles uncertainties
for desorption study (fig. 2.21(b)) achieved 1.9 ·10−4 and 2.4 ·10−5 moles for the classic
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and differential layout instrument, respectively. IDA showed a considerable higher
accuracy respect to the equivalent "Sievert layout" (10-fold decreasing) for the range
of investigated conditions. Such superior performance was particularly evident in PCT
measurements where cumulative errors strongly impact on the final uncertainty ex-
perimental data. Uncertainties, hereby reported were estimated by error propagation
theory, through eq. 2.18.

Kinetics study

Kinetics study on Palladium sample were directly compared with data collected by an
equivalent "Sievert" instrument to empathize the main difference between the two
type of approaches. Four absorption measures were conducted on Pd sample at 303 K
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Figure 2.22: Absorption kinetics profile of Pd sample at 303 K and different of hydrogen
gas pressures. The different scale allows to underline the behaviour in the first moments of
hydrogen sorption reaction with Palladium for the two type of instrumenting layouts.

and at different hydrogen pressure 0.025, 0.075, 0.1 and 0.2 MPa. Kinetics plot were
reported with proper mole’s uncertainties in fig. 2.22. Classical layout estimates a total
H2 absorption equals to 8.0 ·10−4 mole, with an uncertainty of ±7 ·10−5 moles. In term
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of gravimetric capacity, it achieved (0.74 ± 0.08)%, at 0.2 MPa and 303 K. At the same
experimental conditions, differential layout estimated absorption hydrogen about
7.58 ·10−4 mole with a uncertainty of (1 ·10−5) mole. The correspondent gravimetric
capacity was (0.701 ± 0.009)%. The little discrepancies on the result can be attributed
to the higher accuracy of differential data respect to absolute ones. Gravimetric hy-
drogen capacity of Pd sample is agree with literature data [92].
Also here, the superior performance of differential layout can be appreciated with
lower uncertainties correlated to the amount of hydrogen amount absorbed on Pd
sample, corresponding averagely to 10-fold respect to classical design. Moreover,
differential layout allowed to identify the first points of kinetics measures occurred in
the first seconds of study, that otherwise should be hidden by suddenly gas expansion
into the sample chamber . Differential layout intrinsically reduces and partially ne-
glects such behaviour, because it simultaneously compares the phenomenon between
two identically volume at the same conditions. On the contrary, such non linear
effect was visible in classic layout ( red circle in fig. 2.22) and can hide initial stage
of H2 sorption reaction, especially for HSM with elevate sorption kinetics as Palladium.

Uncertainty analysis

In this section an analysis on measurements uncertainty for the characterization of
Pd sample was reported. An identical characterization performed on Differential and
"Sievert" layout was analysed, the aims was to estimate the single contributions from
any error’s sources on final measure’s uncertainty. The kinetics measurements at the
maximum pressure span and at 303 K was considered (fig, 2.22 (d)). However error’s
analysis focuses on the last point of measures, when hydrogen-Palladium system
was considered at equilibrium state. For classic Sievert layout, results of analysis was
shown in tab. 2.6 derived by eq. 2.7, while differential layout analysis was reported
in tab. 2.7 and derived by 2.9, through uncertainty propagations theory (eq. 2.18).
™EES software was used to elaborate contribution of any error’s source to the final
uncertainty. Values and their uncertainties in these tables were obtained by proper
working calibration procedure with Pd sample already loaded in the sample chamber,
however with a previous version of layout of volumetric instrument (different expan-
sion volume sizes respect to the actual layout reported in tab.2.3). Uncertainties on
measured variables were reported in 2.2.
The most contribution on final moles uncertainty in classic Sievert layout was prin-

cipally due to errors of pressure data (compressively more than 99 %) derived by
specific used absolute pressure transducers. Errors on temperature, compressibility
factors not had appreciable impacts on final uncertainty (less than 0.4%). Surpris-
ingly, volume calibrations had a small impact on sorption mole error (around 0.3%).
Analyse of error’s contributions underlined as for considered Sievert layout, pressure
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Table 2.6: Errors estimation and contribution on total sorbed moles uncertainty ( for Classical
Sievert apparatus). Null value for error’s contribution means an impact inferior than 0.01%.

Symbol Unit Value Error Contribution [%]

P i
0 Bar 2.440 0.005 20.11

P i
eq Bar 1.925 0.005 29.48

P i−1
cl Bar 0 0.005 20.17

P i−1
eq Bar 0 0.005 29.55

Va dm3 0.1829 0.0003 0.03
Ti so K 303 0.5 0.03
λa 1 1.2105 0.0003 0.27
Z i

0 1 1.001 0.0002 0.19
Z i

eq 1 1.001 0.0002 0.17
Z i−1

cl 1 1 0.0002 0
Z i−1

eq 1 1 0.0002 0

H2 Sorption mole 8.0 ·10−4 7 ·10−5 100

mPd g 0.2153 0.0001 0

H2 grav. capacity % w/w 0.74 0.08 100

transducers performance were the main bottlenecks for increasing the accuracy of
sorption measures. At the contrary, uncertainty’s analysis on differential layout, tab.
2.7, showed different results.

In differential approach, contributions on final moles uncertainty is mainly dis-
tributed among more sources of errors. Temperature uncertainty concurs at little
more respect to previous case (around 1.8%) while, pressure contributions have to be
distinguished between the differential terms (from differential pressure transducer)
and absolute terms (from absolute pressure transducers). Differential pressure uncer-
tainties accounts for the 6 % on the final uncertainty, while absolute pressure errors
for less than 0.25 %, overall. At the contrary of Sievert layout, compressibility factor’s
errors impact more strongly on the final sorbed mole’s errors, accounted for more
than 50 %, preceded only by volume’s uncertainties derived by calibration procedure,
which contribute for the almost 40 % of total uncertainty. The reason for the difference
error’s contributions between the two considered layouts was caused by the better
performance of differential one. The higher accuracy achieved by IDA (in particular
with the enhancement of pressure data accuracy), highlight the contribution from
the other error’s sources, which impact more strongly on the finale mole’s uncertainty
than classic instrument.
This lead to state that: assuming a classic Sievert layout and a differential one with
the same volumes size and equipped transducers, bottlenecks of Sievert instrument’s
performance are the accuracy limit of its hardware (in this case absolute pressure
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Table 2.7: Errors estimation and contribution on total sorbed moles uncertainty for IDA.Null
value for error’s contribution means an impact inferior than 0.01%.

Symbol Unit Value Error Contribution [%]

∆P i
0 mBar -0.3 0.15 1.25

∆P i
eq mBar -83.5 0.15 1.84

∆P i−1
cl mBar -0.1 0.15 1.26

∆P i−1
eq mBar -0.1 0.15 1.84

P i
0,b Bar 2.440 0.005 0.12

P i
eq,b Bar 2.007 0.005 0.06

P i−1
cl ,b Bar 0 0.005 0.12

P i−1
eq,b Bar 0 0.005 0.06

Va dm3 0.1829 0.0003 1.83
Ti so K 303 0.5 1.86
λa 1 1.2105 0.0003 18.56
λb 1 1.2155 0.0003 19.82
Z i

0,a 1 1.001 0.0002 13.22
Z i

eq,a 1 1.001 0.0002 12.06
Z i−1

cl ,a 1 1 0.0002 0

Z i−1
eq,a 1 1 0.0002 0

Z i
0,b 1 1.001 0.0002 12.91

Z i
eq,b 1 1.001 0.0002 12.97

Z i−1
cl ,b 1 1 0.0002 0

Z i−1
eq,b 1 1 0.0002 0

H2 Sorption mole 7.58 ·10−4 1 ·10−5 99.85

mPd g 0.2153 0.0001 0.15

H2 grav. capacity % w/w 0.701 0.009 100

transducers). At the contrary, IDA fully exploited any installed transducers, and its
performance’s bottleneck involves volume’s calibration procedure and gas coefficient’s
estimation (in particular for compressibility factors estimation). Moreover, in order
to increase the accuracy of measurements should be appropriate to equipped new
more accurate absolute pressure transducer on the classic instrumental layout, or
to use a smaller expansion volume to reduce the relative errors on pressure data at
the same experimental condition. Nevertheless, kinetics study should be performed
as more as possible constant pressure in order to investigate kinetics processes at
constant driving force. Using small volumes in the volumetric apparatus, means to
have a considerable pressure gap during the kinetics investigation, which it moves
away from the driving force requirements.
Those results exclusively regard characterizations occurs at relative mild condition of
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temperature and pressure. With Palladium characterization, this work has demon-
strated as IDA and more in general differential layout can be a powerful instrument to
characterize with high accuracy HSM at mild conditions. The next section of this ex-
perimental discussion want to extend the application of IDA also for the study of HSM
at high temperature, confirming its performance also for this range of investigations.

2.3.5 Validation 2: Magnesium sample

IDA performance was tested on Mg material at higher temperature (> 573K). A small
amount (49.0 ± 0.1 mg) of Magnesium powder, purchased by Sigma Aldrich with
purity of 99% has been selected as testing material. Analogously to previous Pd study,
Magnesium powder characterization includes: an overnight degassing step (12h), a
proper volume calibration at working conditions and finally thermodynamics (PCT)
and kinetics measurements.For magnesium sample, fully activation of material takes
10 cycle of complete absortpion and desorption processes at 633 K and 1 MPa and
0.03 MPa, respectively.
PCT absorption and desorption studies were performed at 553-593-613-633 K in a
reange of pressure between 0.01 to 1 MPa. Enthalpies and Entropies of sorption
reactions were extrapolated by Van’t Hoff relation (previously introduced eq.2.19), and
compare with reference data in literature data. Two single PCT plot for absorption and
desorption curve obtained by IDA and "classic" layout are compared to analyse the
differences in performance between the two volumetric approach in high temperature
study.
At the same way, kinetics absorptions and desorption measures were collected to
complete the study on Mg sample and to compare the performances of differential
and classic layout instrument. Kinetics absorption and desorption measurements are
performed at temperature of 633K and pressure of 1MPa and .
Finally an uncertainty analysis concluded this section about Mg characterization,
analogously to the previous one. Based on high theoretical H2 storage capacity of
magnesium, BIG volume of IDA was used for next magnesium characterization. Such
volume size allowed to estimate with sufficiently accuracy the hydrogen sorption
reaction, but at the same time, it conserved almost constant driving force of process
and so the pressure.

PCT study

Similar to the Pd study, the PCT analysis on Mg sample aimed to estimated enthalpy
and entropy of hydrogen absorption and desorption reaction through Van’t Hoff
analysis. First study, fig. 2.23, presented the absorption PCT analysis conducted on
magnesium sample at different working temperature, while fig. 2.23(b) collected the
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equilibrium pressure data in the well known Van’t Hoff plot.
Enthalpy and entropy values were estimated by linear regression model. Enthalpy
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Figure 2.23: Pressure Composition Temperature study for Mg sample. X-axis value of (a) are
the weight percentage of hydrogen in the palladium.

and Enthalpy for H2 absorption reaction were evaluated (-72 ± 2) kJ/mole and (-130 ±
3) J/(mole·K), respectively, with a well fit (R2 = 0.998).
Absorption PCT study was conducted also at 553 K, however they were not reported
here in fig. 2.23 because pressure data were collected at not pseudo-equilibrium state,
due to not sufficiently equilibrium time.
Second study, fig. 2.24 presented the hydrogen desorption PCT analysis conducted
on magnesium sample. Fig. 2.24(a) showed the single PCT measures performed at
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Figure 2.24: Pressure Composition Temperature study for Mg sample. X-axis value of (a) are
the weight percentage of hydrogen in the palladium.

553-593-613-633 K, while fig. 2.24(b) reported Van’t Hoff plot for hydrogen desorption
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study. In this case, enthalpy and entropy of desorption reaction were estimated as
(-74.1 ± 0.3) kJ/mole and (-132.8 ± 0.4) J/(mole·K), respectively. Also in this case, linear
fitting was in agreement with empirical data ((R2 = 0.9999)). Thermodynamic data
on Mg sample, hereby reported, are in agreement with literature data [101, 102, 102–
105, 109].

Kinetics study

Kinetics measure about hydrogen absorption and desorption reaction on Magnesium
sample were conducted at 633 K. The measures were collected both with differential
approach and classic one (considering exclusively the sample branch of IDA as a
Sievert instrument) in order to compare their performances. Absorption study was
performed at 633 K and 1 MPa of hydrogen pressure. H2 absorption monotonically
increased during whole sorption process, achieving the saturation at approximately
5-6 h (comparable with similar kinetics study on pure Mg [110]), with an extremely low
rate compared to Palladium study (2.22). From fig. 2.25(a), it was possible to directly
compare performance of kinetics measures obtained from differential and classic
layout. IDA showed a superior accuracy on moles detection (1.7 ·10−4 moles) respect
to an equivalent Sievert instrument (5 ·10−4 moles) evaluated at the end of measure.
Errors analysis, reported in next section of document, investigated the reason for
such elevate uncertainty respect to Palladium study. Hydrogen capacity obtained
by differential instrument is in line with literature data of (7.6 ± 0.8)%.[101–105] On
the contrary, Sievert layout showed a relevant drift in the hydrogen storage capacity
detected, approaching an unrealistic value of (10.6 ± 2.1)%. Such discrepancy can
be attributed to the variation of temperature in the isothermal box caused by unex-
pected variation of external laboratory temperature, fig. 2.25(b). Classic volumetric
measures are based on the elaboration of absolute pressure data, collected exclusively
in the sample limb of instrument. For this reason, it is extremely sensible to temper-
ature’s variation of the volume and it’d require a proper temperature correction to
compensate it. Moreover, the effect of temperature variation is further amplified by
volume’s size. On the contrary, differential layout is based on differential pressure
data, measured between the two volumetric limbs of instrument and affected by
the same temperature deviation. For this reason, differential pressure data are more
temperature-independent respect to absolute one, as shown in fig. 2.25(c), so not
requiring any additional temperature correction or calibration.
Second kinetics study regarded desorption reaction performed at 633 K and 0.045
MPa. The full saturation of H2 desorption, fig. (a), was achieved approximately at
0.7 h (2500 s) equal to gravimetric capacity of 7.6 ± 0.8) %, calculated by IDA, while
(7.8 ± 2.1) % for Sievert layout. Also here, storage capacity is in agreement with liter-
ature data.[104, 105] Desorption study occurred at stronger isothermal conditions,
fig. 2.26(b) respect to absorption one. So, absolute pressure data were not shifted by
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(c) Absolute and differential pressure.

Figure 2.25: H2 absorption kinetics measure at 633 K. Comparison of results and uncertainties
obtained by a classic "Sievert" layout and the differential "IDA" layout. The last two plots
show the absolute pressure and temperature trend in the expansion volumes used in hereby
reported characterization.

temperature effect, and Sievert instrument measured a value of storage capacity in
agreement with value obtained by differential approach. However, sorption uncer-
tainty obtained by classic layout was 3-fold respect to differential one, with a minor
gain in terms of accuracy respect to mild characterization conducted with previous
Pd sample.

Uncertainty analysis

In this section an analysis on measurements uncertainty for the high temperature
characterization on magnesium sample was reported. An identical characterization
performed on Differential and "Sievert" layout is analysed, the aims is to estimate
the single contributions from any error’s sources on final measure’s uncertainty. Un-
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Figure 2.26: H2 desorption kinetics measure at 633 K. Comparison of results and uncertainties
obtained by a classic "Sievert" layout and the differential "IDA" layout. The last two plot report
the absolute pressure (c) and temperature (b) in the expansion volumes used for the measures
at isothermal condition.

certainty analysis was conducted on desorption kinetics analysis reported in fig. (a),
which presented identical final uncertainty of complementary absorption study. Last
point of measure was considered, when hydrogen-Magnesium system was considered
at equilibrium state. For classic Sievert layout, results of analysis was shown in tab.
2.8 derived by eq. 2.7, while differential layout analysis was reported in tab. 2.9 and
derived by eq. 2.9, through uncertainty propagations theory (eq. 2.18). Also here,
™EES software was used to elaborate contribution of any error’s source to the final
uncertainty. Values and their uncertainties in these tables were obtained by proper
working calibration procedure with Mg sample already loaded in the sample chamber.
Uncertainties on measured variables were reported in 2.2.
Classical layout estimated a total H2 desorption equals to 1.9 ·10−3 mole, with an

uncertainty of 5.3 ·10−4 moles. In term of gravimetric capacity, it achieves (7.8 ± 2.1)%,
at 0.45 MPa and 303 K, in agreement with reference data. The most contribution
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Table 2.8: Errors estimation and contribution on total sorbed moles uncertainty ( for Classical
Sievert apparatus). Null value for error’s contribution means an impact inferior than 0.01%.

Symbol Unit Value Error Contribution [%]

P i
0 Bar 0 0.005 22.28

P i
eq Bar 0.445 0.005 22.03

P i−1
cl Bar 9.505 0.005 24.33

P i−1
eq Bar 9.502 0.005 24.05

Va dm3 1.041 0.00018 0
Ti so K 298 0.5 0
λa 1 1.0443 1 ·10−4 0.7
Z i

0 1 1 0.0002 0.01
Z i

eq 1 1 0.0002 0
Z i−1

cl 1 1.006 0.0002 3.15
Z i−1

eq 1 1.006 0.0002 3.44

H2 Sorption mole 1.9 ·10−3 5 ·10−4 99.99

mM g g 0.0490 0.0001 0.01

H2 grav. capacity % w/w 7.8 2.2 100

on final moles uncertainty in classic Sievert layout was principally due to errors of
pressure data (more than 92 %) derived by specific used absolute pressure transducers
(± 0.005 Bar). Errors on temperature didn’t impact on final uncertainty, however,
compressibility factor terms had a strongly influence (more than 6.5 %). Volume cali-
brations had a small impact on sorption mole error (around 0.7%). Analyse of error’s
contributions underlined as even for high temperature measurements conducted
by Sievert layout, pressure transducers performance were the main bottlenecks for
increasing the accuracy of sorption measures. At the contrary, uncertainty’s analysis
on differential layout, tab. 2.9, showed different results as for the Palladium study.
Differential layout estimated a total H2 desorption equals to 1.86 ·10−3 mole, with an

uncertainty of 2.1·10−4 moles. In term of gravimetric capacity, it achieved (7.6 ± 0.8)%,
at 0.45 MPa and 633 K, in agreement with reference data and with a better accuracy
respect to Sievert apparatus (3-fold). As in previous case (Palladium), temperature
and volume uncertainties gave bigger contribute (approximately 10 %) respect to
classic layout, while errors on pressure data reach no more than 0.6 % (including both
differential and pressure data uncertainties). Uncertainty on compressibility factor
strongly affected final error of estimated sorbed mole (for a total of 90 %).

Respect to the previous Palladium study, magnesium investigation showed a con-
siderable increment on uncertainty moles. The reason why this happens is due to
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Table 2.9: Errors estimation and contribution on total sorbed moles uncertainty for IDA. Null
value for error’s contribution means an impact inferior than 0.01%.

Symbol Unit Value Error Contribution [%]

∆P i
0 mBar -31.4 0.15 0.14

∆P i
eq mBar -31.4 0.15 0.15

∆P i−1
cl mBar 1.0 0.15 0.13

∆P i−1
eq mBar 31.0 0.15 0.15

P i
0,b Bar 0 0.005 0

P i
eq,b Bar 0.415 0.005 0

P i−1
cl ,b Bar 9.536 0.005 0

P i−1
eq,b Bar 9.536 0.005 0

Va dm3 1.041 0.0018 0.02
Ti so K 298 0.5 0.02
λa 1 1.0443 0.0001 4.67
λb 1 1.0456 0.0001 4.98
Z i

0,a 1 1 0.0002 0
Z i

eq,a 1 1 0.0002 0.05
Z i−1

cl ,a 1 1.006 0.0002 21.35

Z i−1
eq,a 1 1.006 0.0002 23.32

Z i
0,b 1 1 0.0002 0

Z i
eq,b 1 1 0.0002 0.05

Z i−1
cl ,b 1 1.006 0.0002 21.46

Z i−1
eq,b 1 1.006 0.0002 23.47

H2 Sorption mole 1.86 ·10−3 2.1 ·10−4 99.97

mPd g 0.0490 0.0001 0.03

H2 grav. capacity % w/w 7.6 0.8 100

the nature of error propagation estimation. The impact of any variable on final un-
certainty depends also by the nature of mathematical formulation for total mass
sorbed (eq. 2.7 and 2.9). Analysing the contribution derived by compressibility factor,
correlated error’s term depends by itself error of Z-factor’s estimation, as well as the
propagation factor, resumed in δn

δZ of eq. 2.18. Last term is function of values of vol-
ume and pressure. This explained the discrepancy on uncertainty between Palladium
and Magnesium investigation, where magnitude of hydrogen pressure and size of
expansion volume were considerable bigger than Pd characterization. However it was
important to highlight as kinetics measurement performed on magnesium sample
involved in a small variation in driving force of desorption reaction. Indeed, pressure
gap diverged for less than 0.003 MPa (fig. 2.26(c)) ensuring a reasonable constant
driving force during desorption reaction, but a sufficient accuracy for the detection of
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the amount of moles sorbed, at the same time.
Moreover, it is interesting to note how many works didn’t consider uncertainty on
compressibility factor [79, 80, 83]. If uncertainty of compressibility factor was con-
sidered neglected ,in this work final error on Mg sample (section 2.3.5) by IDA study
approached 0.08 %, with the reduction of 90 % of total error.

2.4 Conclusion

The design and performance of a novel volumetric instrument for accurate hydrogen
sorption measures was performed. A comparison between a classic Sievert layout
and a differential instrument was made, resulting in the evaluation of uncertainty
along the hydrogen sorption process. The differential design evidenced a higher ac-
curacy with respect to a standard volumetric apparatus, under the same measure
conditions. Moreover, differential design compensated nonlinear effects occurred
during the initial step of gas expansions, making the study of the first step of sorption
phenomena more detailed; that has a relevant importance for material provided of a
high kinetic during the sorption process. Palladium and magnesium were utilized as
benchmark materials, and the results are in good agreement with respect to a classic
Sievert layout, considering an equivalent set up of the apparatus and neglecting the
Z factor uncertainty. The IDA layout has been also performed at higher temperature
using Mg as adsorbing material, confirming an equivalent reduction of error due to
the experimental configuration. An higher accuracy of IDA was also demonstrated
for cumulative errors typical of thermodynamics analysis and for tests at high tem-
perature. We are convinced that IDA is able to analyze H2 sorption of small target
material samples due to the higher accuracy of differential layout. Concluding, IDA
has demonstrated the capacity to characterize very small mass sample or materials
with low sorption capacity.

2.4.1 Future work

IDA includes the potentiality to perform BET measurements on specific area and
porous distribution of sample. Next steps aim at realizing proper volume chambers to
keep sample at 77 K, in a liquid nitrogen baths, and to test IDA for BET study, initially
with reference materials. Secondly, investigation range of IDA will be expanded to
study gas physisorption phenomena at high pressure conditions (10 MPa), in partic-
ular on graphene based material. At the moment, differential instrument is already
equipped with high pressure transducer, however the requirements to approach reli-
able measurements at high pressure need additional effort, specifically to improve
thermal management in whole apparatus (thermal insulation, pneumatic fan, etc.)
and improve volume calibration procedures to minimize volume’s uncertainty.
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Abstract

The modeling of reaction kinetics are powerful tools to improve the
description of reaction mechanism during absorption or desorption phe-
nomena. The objectives is to direct research’s activities towards a more
performant hydrogen sorbing materials. In this chapter,several methods of
mathematical modeling for HSM are investigated: 1. a micro scale model
for the description of intimal sorption mechanism in the active material, 2.
a macro scale model for the modeling of hydrogen storage tank based on
active H2 storage material and 3. a lumped model for preliminary analysis
on optimized tank design.
A novel approach on micro scale kinetic models are introduced in order to
improve the comprehension on hydrogen sorption phenomena on HSM
Mg based material produced within EDEN project ( European Union’s
Seventh Framework Programme FP7/2007-2013 for the Fuel Cells and Hy-
drogen Joint Technology Initiative) has been modelled and validated by
experimental data in micro and macro scale model. Lumped approach has
been preliminary validated against macro model results obtained by FEM.
Finally, numerical simulation performed on validated macro modeling
identifies an optimal tank’s design used to built the storage system for
EDEN project.



3.1. Introduction

3.1 Introduction

The challenges of a novel society based on hydrogen and in particular the necessity to
realize reliable and optimized hydrogen storage technologies requires considerable
efforts from the research and engineering side. In this context, mathematical models
and numerical simulations on sorption processes of HSM have received consider-
able attention over the past decades. The specific focus of mathematical modeling
is to describe a real complex system in terms of relations. Once validated with real
data, mathematical models are powerful tools to provide the behaviour of simulated
system in different conditions or to study in-depth the processes inside a particular
phenomenon.
Always more frequently, industry and applied researches requires robust and reliable
tools to describe sorption proprieties of HSM. Although the topic is relatively new,
journal papers with mathematical descriptions of HSM sorption phenomena rapidly
growth in numbers in last decades [111–117]. In the same way, the industrial appli-
cation of HSM had an increasing attention of scientific interest, in particular about
the modeling and realization of performant hydrogen storage tank with different
HSM[37, 118–123]
There are two main modelling approaches to hydrogen storage, with two specific
objectives and targets. First, a kinetics sorption model at micro-scale level tries to rep-
resent the intimal sorption mechanism in hydrogen absorption or desorption process.
This approach is clearly more directed towards the research side. A validated micro
scale model can support the research in the topic, identifying the optimal direction
where to develop an improved HSM. Micro scale model aims at an estimation of the
uptake or release of hydrogen, through fitting experimental data with the optimal
function.The micro model has two objectives: validate the mechanism of reaction;
extrapolate the kinetics parameters for the sorption reaction. About microscopic
modeling the description of H2 sorption on HSM regards two mainly aspects of H2

sorption reactions: thermodynamic and kinetics behaviour.
Thermodynamic models describes equilibrium state of HSM-hydrogen system, study-
ing absorption/desorption capacities as well as pressure-temperature conditions for
reversible reactions. Thermodynamic modelings approach the sorption problem in
order to describe it with physically interpretable coefficients. More diffuse thermody-
namic model are based on statistical description of the system, as the evaluation of
partition function (in this case, hydrogen sorption process is treated as Gran or classic
canonical ensemble)[124–126] or the estimation of chemical potential (µ)[35, 126–
129]. More recently, more exhaustive thermodynamic model includes hydriding phase
transition, with a in-depth physical explanation of the phenomena (in particular about
hysteresis). In phase transition model, strain stress, generated by the decomposition
or formations of hydride phase has a considerable roles in the equilibrium pressure
of material.[130, 131] Scientific literature collect a large number of work focus on the
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individuation of kinetics sorption mechanism and explanation of thermodynamic
behaviour of HSM. Kinetics model will be depth in the next part of this thesis.
Secondly, the modeling supports the direct application of HSM, with the final scope
to design and optimize high performers hydrogen storage tank based on HMS under
engineering/industrial point of view. Here, micro scale models of HMS are applied
in the development of a fully macro modeling of hydrogen storage tank, which have
repeatedly appeals to numerical simulation for the develop of new more prominent
layout, as well. The realization of a suitable metal hydride reactor for industrial and
commercial hydrogen storage application, is very complex. Due to low thermal con-
ductivity of hydride powder, kinetics performance of tank (regarding time of charging
and discharging) is strongly affected by heat diffusion. [37, 118, 120, 121] Therefore,
design and dimensioning of a hydrogen storage tank is an important development
step in order to achieve and to exploit the best performance for any HSM. Math-
ematical modeling of tank design (macro model) includes the coupling of several
physical behaviour in order to give reliable output solutions among: heat transfer,
gas diffusion in porous media and the sorption kinetics model of hydrogen storage
materials [37, 121, 132]. Although it is a modeling on a high level application, used
HSM kinetics models are rigorous description of the hydrogen sorption processes.
Numerical simulation performed by suitable software (i.e. COMSOL) can explain
very well behaviour and performance of a hydrogen storage tank at different work-
ing condition, but it requires a well-knowledge of the sorption phenomena inside
it (reaction, gas and thermal diffusion, et..) as well as a their correct and validated
mathematical formulations. Last but not less important features, it is the time to
perform the simulation, which depends by computing power and mesh’s qualities. In
this context, more rigorous models (as lumped one) can give approximated solutions
for the hydrogen storage tank’s development, if the real aims is to simply design a
hydrogen storage tank or to have a quickly response about the goodness of the design
developed.

3.1.1 Objective of chapter

Scope of this work is the developed and validation of a scientific approach for the study
and modeling of a hydrogen storage application for a generic HSM, starting form the
kinetic characterization of storage materials to the modeling of tank system. The main
purpose is to realize a proper micro scale modeling for the explanation of hydrogen
kinetics mechanism in a wide range of conditions of HSM, and next a proper macro
scale model for the study and modeling for a hydrogen storage system. Micro scale
modeling of sorption material has been applied as core for the realization of macro
scale-model. Last objective is to present a lumped model developed by the previous
ones. Such model allows to easily extrapolate modeling data for the optimization of
hydrogen storage tank, knowing kinetics and thermodynamic proprieties of HSM and
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its thermal and diffusive proprieties.
Next part of document is divided in three sections. The first one reports the develop-
ment, application and validation of kinetics microscopic model on Mg based material,
product within EDEN project. A set of mathematical expression for the description
of sorption mechanism are derived. Validation include the extrapolation of kinetics
parameters from characterization data obtained by IDA instrument. Estimated kinet-
ics value are compared with literature data to confirm the goodness of micro model
approaching. Micro scale model has been applied on a magnesium-graphite mixture
produced by High energy ball milling in order to map kinetics sorption mechanism in
a range of working temperature and pressure.
Second part of section includes the development and the dynamic validation of the
macro modellinfor hydrogen storage tank based on the micro modeling of Mg mate-
rial. After a brief introduction and the explanation of followed method, macro model
has been validated by mean to numerical simulation performed by Comsol software.
Results are compared against real prototype system to check the reliability of model.
Last part of section involves in the description of a new lumped model for the rapid
estimation of main performance of a generic hydrogen storage layout. A complete
description of theoretical model is reported, including theoretical assumptions and
followed method for its validation.

3.2 Micro scale model

Kinetics modeling aims to describe the temporal behaviour of sorption phenomena in
HSM, during hydriding or de-hydriding processes. It is a powerful approach for the in-
depth understanding of kinetics sorption mechanism for HSM, and so for addressing
the research activities to improve weakness aspect of investigated materials. Kinetics
models express hydrogen uptake or release rate in terms of physical parameters (as
constant rates, apparent activation energies, gas diffusion coefficient, et.. ) of investi-
gated materials, under experimental conditions far from equilibrium. They can be
applied to extrapolate useful kinetics parameters of a specific storage materials and
to forecast kinetics behaviour in real system. The first objective of this section is the
development and the validation of a successfully approach for the kinetic modeling
of HSM. Modeling includes the description of hydrogen absorption and desorption
phenomena in a specific range of temperature and pressure. The second objective
is the application of developed kinetics model to Mg based material to characterize
completely it and to extrapolate kinetics parameter useful for macro model imple-
mentation.
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3.2.1 Methods

Kinetic models for HSM were developed starting from the state of art of solid state re-
action modeling, which include the hydrogen sorption reaction of HSM [113, 117, 133,
134]. Based on definition of well known kinetics model, a complete set of mathemati-
cal tools corresponding to the different kinetics mechanism of gas sorption reaction
are reported, enriched with the introduction of a new approach for the nucleation
and growth models.

Set of model

The first scientific works on kinetics modeling for solid state kinetics reactions were
developed in the first half of last century.[19–21, 135–139]. However, only in the last
years, some reviews [113, 116, 134, 140] have contribute to present again the basics and
the mathematical development of these kinetic models, adding some improvements,
especially regarding HSM material and hydrogen sorption reactions.
In order to develop a proper kinetics model, it is basilar to figure and understand the
mechanisms on the base of hydrogen sorption phenomena. The general approach
assumes that gas absorption and desorption reactions on HSM occur as a series of
consequent or parallel intermediate phenomena, each one described by its proper
physical model. Generally, not all kinetic phenomena are taken in consideration
in kinetics analysis but only those occur with considerable energetic barrier, which
strongly impact on kinetic rate. Among there, the main ones are [111, 113, 141–143]:

• H2 superficial physisorption.

• H2 superficial dissociation and chemisorption on specific activated sites.

• H-atoms surface penetration.

• H-atoms bulk diffusion.

• phase transition.

Absorption and desorption processes don’t follow identical of reversible series of step
[113] as well as not the same ones, so it is a good practice to analyse them individually,
discerning the limiting kinetic mechanism of each process. Further steps can be
considered (as mass transport of H2 gas from or to the material’s surface) but they
increase the complexity without guaranteeing the improved accuracy of the results.
The main approach adopted in literature, assumes that kinetics sorption reaction
are controlled by the slowest mechanism of the list, only some hybrid models admit
contemporaneous contribution of multiple kinetics step [144, 145].
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In homogeneous reactions, the aim of kinetics analysis is principally to extrapolate
the rate constants of the involved physical phenomena. However, hydrogen sorption
processes occur as a gas-solid reaction ( heterogeneous kinetics). For these reason,
kinetics modeling of HSM reaction keeps in consideration also the morphology of
sorbing materials, which introduce a proper geometrical formulation of hydrogen
absorption or desorption reactions. Starting from the kinetics models for solid state
reactions, the generic time evolution for HSM reaction can be expressed by eq. 3.1:

dθ

d t
= k f (θ),

∫
1

f (θ)
= g (θ) = kt , (3.1)

where k is the kinetics rate. θ is the reacted fraction rate of sorbing material, expressed
as,

θ = s0 − st

s0 − s f
, (3.2)

where s can stand for weight, moles or volume of the reacted phase. 0-subscript
indicates initial amount, f-subscript the final total amount, and t-subscript indicates
the amount of reacted phase at time t. θ can vary from 0 to 1. g(θ) and f(θ) are the
integral and differential mathematical functions of proper for the kinetics reaction
model, respectively.
In the next paragraphs function models for HSM more widely applied are exposed.

Shrinking volume model, CV [113, 146–150] Shrinking models are very simple and
intuitive for the description of sorption kinetics in HSM. It assumes that surface of
HSM’s particle are rapidly covered by the new phase (hydride or metal), with an
extremely rapid process of nucleation and surface growth. Once covered by product
phase, the interface between the two phase tends to penetrate homogeneously inside
the particle. The reaction rate is controlled by interface speed towards the center of
particle. The type of particle’s geometry (spherical, cylindrical, et.) impacts on the
mathematical representation of model.

Diffusive model,D [113, 149] In solid state reactions, diffusion phenomena play a
relevant role, in particular at low temperature and for large powder’s size. Diffusive
models describe hydrogen absorption and desorption process as limited by diffusion,
typically through the metal or hydride phase of HSM.
Diffusion is particularly relevant in solid state reaction, because molecules must per-
meate into the lattice where molecular motion is slowed and may depend on the
presence of lattice defects.
Diffusive model are usually coupled with the geometrical shrinking approach, where
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the decreasing interface velocity typically is given by diffusion. For this reason, in
literature, a series of diffusive models exist, starting from the spherical shrinking
model and including diffusive interface growth, density variations during sorption
phenomena and pressure and temperature dependence of diffusivity coefficients.

Chemical order model, CH [134, 151] In chemical order models, kinetics rates of hy-
drogen sorption are function of the already formed reacted fraction elevated to a
power representing the reaction order. It is possible to distinguish zero, first, second
or higher order of reaction. Chemical order approaches find wide application in ho-
mogeneous reactions, nevertheless some authors consider them inappropriate for
such application.[134]

Mathematical formulation for Shrinking, Diffusive and Chemical order models are
exposed in the appendix 5.

Nucleation and growth model, NG [19–21, 140, 152] Nucleation and growth (NG) mod-
els are widely used for solid state reactions. They assume the combination of nucle-
ation and growth processes as the basic mechanism of sorption reactions. Generally
growth is assumed as to be isotropic (3D) and can occur with constant speed (in-
terface controlled) or decreasing speed (diffusion controlled). On the other hand,
the nucleation process can be considered under several aspects: as a instantaneous
nucleation at the beginning of the reaction, as a constant rate of nuclei formation
or as a auto-catalytic phenomenon (described by a power law). In order to take
in consideration the overlapping of growth nuclei, it is necessary to introduce an
impingement function which take in consideration the phenomena of ingestion
and coalescence occurred on growth nuclei. These models, generally regarded as
Johnson-Mehl-Avrami-Kolomogoov models (JMAK, who separately developed the
basic mathematical relations), are expressed typically by:

θ = 1−exp[−(kt )n], (3.3)

where n-terms indicates the nucleation modes, dimensionality and rate-controlling
step,. About the assumption on nucleation and growth process adopted by NG model,
n-terms can assume values between 0.5 and 4, discriminating among different the
growth mechanisms for hydrogen sorption (spheric 3D growth, plate 2D growth, 1 D
growth or Diffusive growth and with instantaneous, constant or power law nucleation
rate). k is the constant rate of nucleation and growth rates. It depends by the type of
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initial physical assumption.

Mixed Empirical model, ME . In order to describe simultaneous multiple kinetics
mechanism of sorption reaction, some authors proposed proper mathematical rela-
tions that represent all mechanism in a single general equation. Sestak and Berggren
[145] introduced a combined form of different kinetic contributions:

dθ

d t
= kθm(1−θ)n(−ln(1−θ))p , (3.4)

where m, n p are constant and correspond to different kinetic mechanisms of the
hydrogen sorption reaction. Shriniwasan [144] proposed similar approach, consider-
ing the reaction fraction as composed by different kinetics mechanism contributions,
weighted by proper extrapolated coefficient. However, several works propose different
mixed kinetics model to extrapolate kinetic parameters without rigorous assumptions
on the reaction mechanism.[114]

These model give a remarkable description of hydrogen sorption process, but most
of them introduce empirical parameters and approximations to force the model to
fit results. On the other hand, kinetic sorption reactions can involves with different
mechanisms. So, appling only one kinetic model can only partially fit the sorption
curve’s data. [144, 153].
JMAK model is diffusely applied in solid state reaction. Unfortunately, the same basic
assumptions in NG theory doesn’t allow to consider variation in n-index during sorp-
tion process, which is considered constant during whole process. Indeed, almost the
totality of scientific literature extrapolate n coefficient of JMAK equation through a
linear fitting of the so called Avrami plot (l n(−ln(1−θ)) vs ln(t i me)), collecting an
average or effective value of ne f f for the whole time range of sorption phenomena.
Here, a kinetic model based on well-known JMAK equation has been developed to
explain time variation of n-coefficient in classic Avrami model. Unfortunately, such
model doesn’t explain the behaviour of hydrogen sorption reaction for all range of
temperature because the limited kinetics mechanism can be different from nucleation
and growth approach. For this reason, other model integrates the lack of information
(CV, contracting volume, D, diffusive, CH, pseudo chemical reaction order).
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3.2.2 Limited Nucleation and growth model

In this section, we will derive a modified JMAK model, which involves in a different
approach to represent growth rate of nuclei to the final scope to interpret the variation
of n-terms (JMAK coefficient) during the time (eq. (3.3)).
Considering the reaction of H2 sorption in a HSM, we assume its phase transition as
the process of nucleation and growth of a new phase domain in the parent one. In
this approach, the formation of product phase can be assumed as function of several
parameters as: the initial number of nuclei/seeds in the solid, the nucleation rate,
the growth rate and the isotropy of this process. In particular, impingement has a
relevant role in the develop of NG model. Generally speaking, if the NG model takes in
consideration only nucleation and growth rate, any formed nucleus can overlap with
the neighbours not tending to a limiting value, and thus having no physical meaning.
For this reason impingement process is included in NG model to include the limited
volume domain where particles can grow. Liu et Al [116] expose different approaches
for impingement process, basically divided in two main way. Firstly, considering an
hard impingement, which only includes the physical overlap of growing particle. It is
the more suited approach for general applications on solid state reaction. Secondly,
a soft impingement conditions is taken in consideration, assuming the overlap of
diffusion fields surrounding the growing particles. Last approach is more complicate
and find application only in some particular case.
About hard impingement, its theoretical formulation depends by some factors as:
distributions of nucleus and isotropy of nucleus’ growth. In case of random nuclei
distributions on the parent domain and isotropic growth rate, the formation of new
phase, after that time d t scan be written as [19–21, 113]:

dV = (
Vtot −V (t )

Vtot
)dVex (3.5)

If the time is increasing by dt , dV represents the effective transformed volume while
dVex is the extended volume rate. Vtot is the total available volume of crystal, Vt is the
reacted fraction volume formed at time t. dVex represents the incrementing volume of
product phase in parent one, that do not account for the overlap of growing particles.
The physical meaning of eq. 3.5 considers that only a part of extended volume rate
contributes to the increment of real volume weight over transfer term (1-V/V[tot).
Integrating eq. 3.5, mathematical formulation for reacted fraction is [140]:

θ = 1−exp(−Vex(t )

Vtot
) (3.6)

where θ is the reacted volume fraction from eq. 3.2.
In NG model, the term Vex(t) in eq. 3.5 is the growth of new phase in the time t,
excluding any impingement or overlapping phenomena between growth nuclei. It
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is exclusively function of nucleation and growth rate and so, represent the core of
NG model. The general formulation for the extended volume is defined as the sum
of any nuclei’s volume’s at the time t. Assuming that nucleation and growth rate are
independent, it is possible to formulate following mathematical relation for Vex(t ):

Vex(t ) =
∫ t

0
Ṅ (τ)V (t −τ) (3.7)

Eq. 3.7 describes the extended volume on the base of previous assumptions. If the
nucleation rate is Ṅ (τ), the number of nuclei formed at time τ in the period dτ is
Ṅ (τ)dτ, consequently if the volume of any formed nuclei grows from τ to t as V (t −τ),
the overall volume at the time t is expressed as the convolution Ṅ (τ)⊗V(t-τ).
NG approach gives the possibility to apply different types of nucleation rate to fit
the most suited description for hydrogen sorption phenomena (both absorption and
desorption). On the other side, mathematical formulations for the estimation of vol-
ume growth rate of nuclei are mainly limited to a few case in literature (constant or
diffusive rate)[19–21, 113, 140].

Various models on nucleation rate are reported in literature. [113, 116, 134, 140, 154]
Instantaneous nucleation is known also as Site saturation model. It assumes that
the number of nuclei in the sample material remains constant during the overall
transformation. In this case, Ṅ (τ) takes the form of a delta function centred at time 0,
eq.3.8

Ṅ (τ) = N0δ(t −0). (3.8)

Such model considers all possible nucleation sites active at the beginning of sorption
reaction. If nucleation sites are very early saturated during the reaction, it could lead
to an apparently instantaneous nucleation.
Continuous nucleation rate included several type of nucleation rate. In this case,
Ṅ (τ) is assumed as time dependent by eq. 3.9

Ṅ (τ) =αIαtα−1, (3.9)

where α is the nucleation coefficient, an empiric parameter which approaches non
linear nucleation behaviour as the auto catalyst phenomenon and I represent the
nucelation constant rate.
For α equals to 1, linear continuous nucleation is obtained [140],otherwise, α > 1
indicates nucleation rate described by power law relations [134].
Avrami nucleation considers a finite number of sub-critical size available (N0) in all
sample domain.[19, 20, 134] Nuclei are formed by such sub-critical seeds at a specific
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rate (λ). Avrami nucleation theory keeps also in consideration the reduction of parent
phase volume, which is not more involved in the generation of new nuclei (phantom
nuclei). The mathematical relation for Avrami nucleation model is described as
follows:

Ṅ (τ) =λN0exp(−λt ). (3.10)

Avrami’s approach includes a decreasing nucleation rate, which tends to an asymp-
totic maximum value (N0).
Mixed nucelation models describe intermediate situation between the previous ap-
proach. Generally, they include the coupling of instantaneous and continuous nucle-
ation, (eq. 3.8 for continuous nucleation rate and alternatively with Avrami approach
3.9). The mixed model composed by continuous and Avrami nucleation is not exposed
because without physical meaning. [116],

Ṅ (τ) = N0δ(τ−0)+αkαtα−1 (3.11)

or the Avrami model (3.9) with the presence of initial nuclei at t=0 (3.8),

Ṅ (τ) = N0δ(τ−0)+λN0exp(−λτ) (3.12)

Previously cited models completes the description of the possibly approach to mathe-
matically treat nucleation phenomenon. On the other hand, volume growth model
considers V(t-τ)-term of eq. 3.7 as a linear or parabolic contribution. The main
accepted mathematical formulation for volume growth is reported in eq.3.13,

V (t ) =
(∫ t

o
Gdτ

)d/m
, (3.13)

where G is the growth rate of nuclei forward a certain direction, while d and m are
empirical parameters that take in consideration the dimensionality (d) and type of
growth (m) respectively. Dimensionality of growth represents the shape of nucleus
expansion: spherical 3D occurs with d=3, so plate 2D (d=2) or rod 1D (d=1), while
m indicate if the growth is controlled by the formation of new interface (m=1) or
controlled by diffusion (m=1/2). The diffusive approach is derived by definition of
characteristic diffusion length (

p
4Dt , where D is the diffusion coefficient of hydrogen

in the material) which represent the average hydrogen penetration in the material
when the main transport process is diffusion. Combining the hard impingement
assumption with the different type of nucleation rate and the growth rate reported in
eq. 3.13, it is possible to obtain the main formulation of JMAK equation [113], reported
in eq, 3.3.
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This work wants to introduce a new approach to treat growth formulation of NG theory,
including some limiting constrain on specific growth directions. Initial considerations
are:

• nucleation phenomenon occurs exclusively on the surface [105, 115, 155, 156].

• the nucleation’s site are the core of any growth grains of hydride in the magne-
sium surface.[115]

• any nucleus isotropically grows like an ellipsoids in 3D domains.[115, 156]

The concept at the base of such model is that some growth directions of grains are
limited by some boundary conditions (for instance a finite superficial area), and
the growth rate long such directions can decrease to zero before the culmination of
sorption reaction. Assuming nucleus growth as a ellipsoid (el), the volume of any
growth nucleus (Vel ) can be estimated by eq. 3.14

Vel =
4

3
π(x · y · z) (3.14)

where x, y, z are the semi-principal axes of ellipsoid nucleus. Assuming a superficial
nucleation, we can define x̂ as coincident with the radial direction of particles, while
ŷ and ẑ are two perpendicular direction tangent to the particle surface. Introducing
a growth rate (ẋ(t), ẏ(t), ż(t)), is it possible to express the volume growth of every
nucleus from 3.14 as:

Vel (t ) =
∫ t

0
V̇el dτ

=
∫ t

0

4

3
π
[

y zẋ(τ)+xz ẏ(τ)+x y ż(τ)
]

dτ

=
∫ t

0

4

3
π
[

ẋ(τ)
(∫ τ

0
ẏ(µ)dµ

)(∫ τ

0
z(µ)dµ

)
+

ẏ(τ)
(∫ τ

0
ẋ(µ)dµ

)(∫ τ

0
ż(µ)dµ

)
+

ż(τ)
(∫ τ

0
ż(µ)dµ

)(∫ τ

0
ẏ(µ)dµ)

)]
dτ

(3.15)

where µ and τ are used as temporal variable for the integration. Eq. 3.15 allows to
include also limited kinetics growth of nucleus, inserting a proper and well justified
mathematical relations for ẋ, ẏ and ż. Growth rates in eq.3.15 are considered identical
for all three Cartesian direction (ẋ = ẏ = ż), in order to justify the assumption of
random isotropic impingement relation (eq.3.5), previously accepted.
We consider that during sorption phenomena, nuclei formation only occurs on the
surface of materials/particles. It is reasonable then to consider a spatial constraint in
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the ŷ and ẑ growth, given that the particle surface is finite. The constraint must take
in consideration the surface overlapping of any growth nucleus.
We assume that real increments on y (dy) and z (dz) of the product phase are affected
by overlapping with neighbourhood grains. Assuming a random distribution of nuclei
and isotropic impingement, we can write,

d y = (1− y

y0
)dyex d z = (1− z

z0
)dzex (3.16)

where dyex and dzex are the incremental growth along y and z superficial direction
of nucleus, without considering the overlap of nuclei on the surface. ymax and zmax

are the maximum possible nucleus size along y and z direction. Assuming that excess
growth occurs at the same constant velocity (dyex = ky dt , dzex = kzdt), ky and kz

respectively, eq. (3.16) can be integrated in time to give:

y = y0(1−exp(− ky

ymax
t )) z = z0(1−exp(− kz

zmax
t )) (3.17)

so the effective growth long y and z direction are:

ẏ = d y

d t
= ky exp(− k

ymax
t ) ż = d z

d t
= kzexp(− kz

zmax
t ) (3.18)

Now applying the assumption of isotropic growth,ky = kz , and random nucleation
in spherical shape particles (ymax = zmax) we can rewrite the volume growth of ellip-
soidal nucleus from eq. (3.15) as,

V (t )el =
4π

3

∫ t

0

[
ẋ
(∫ τ

0
ẏdµ

)2 +2ẏ
∫ τ

0
ẋdµ

∫ τ

0
ẏdµ

]
d t (3.19)

Finally, taking in consideration the expansion surface velocity that includes the over-
lapping of growth nucleus, expressed by 3.18, and applying isotropic growth assump-
tion on radial direction (ẋ = k), we can recombine eq. 3.19 to obtain estimation of
excess growth volume at time t:

V (t )el =
4π

3
y2

maxkt
[
1−exp(− k

ymax
t )

]2) (3.20)

Eq. 3.20 is the volume term, V(t), of eq. (3.7). This approach can be applied also on
nucleus growth controlled by diffusion. In this case, ẋ, ẏ and ż growth rate are equals

to
√

D
t [140], where D is the diffusivity coefficient of hydrogen in the material.

Finally, it is possible to built a proper kinetics model introducing a suitable nucleation
in the convolution equation eq. (3.7). Estimated Vex term is inserted in eq. (3.6) to
estimate the reacted fraction during sorption reaction.
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3.2. Micro scale model

The kinetics models hereby developed assumed a limitation growth only along superfi-
cial direction (ż and ż). Assuming a spatial constraint along radial direction (x̂), which
is effectively spatial limited by the radius of HSM particle, radial growth of nuclei can
be expressed analogously to ẏ and ẏ as:

ẋ = d x

d t
= kxexp(−kx

R0
t ), (3.21)

where R is the radius of particles. So, assuming a isotropic growth (kx = ky = kz = k)
total volumes of every particles can be expressed by:

V (t )el =
4π

3
y2

maxR0

(
1−exp(− k

ymax
)
)2(

1−exp(− k

R0
)
)

(3.22)

where nuclei formed on the surface of particles grow with constant rate k, penetrating
into bulk until the maximum depth of R, radius of particle.
Adopting eq. 3.22 as growth rate relation in eq. 3.7, the resulting Vex(t) directly
represents the produced phase’s volume, because impingement relation is already
implemented into the mathematical formulation of nucleus’s growth.

The approach hereby exposed, can be applied to other type of kinetics because it
introduce geometric constraints that don’t affect the basic assumptions of NG model
as causal distribution of nucleus and isotropic growth of nuclei. NG model expres-
sions for different nucleation and growth relation are collected in tab. 3.2.2. Such
relations form the model’s set available for the study of HSM. They take in consider-
ation instantaneous, continuous and Avrami nucleation rate with diffusion, linear
or limited model of growth. In order to extend the investigation range of kinetics
sorption mechanism for HSM, shrinking-geometrical (CV) and diffusive model (D)
are integrated in the model’s set.

Kinetics analysis

The study of HSM kinetics proprieties aims to identify the limited mechanism of sorp-
tion processes and estimate the proper kinetics parameters (typically, the apparent
energy of activation of the reaction [157, 158] and the driving force contribution).
These parameters are useful for the comparison of different materials and for material
modeling in a macro scale model. This is achieved determining and comparing best-
fit models. Kinetic analysis can be applied on measures performed by several types of
characterization techniques, conducted by different heating approachies: isothermal
[134], linear heating (though Kissingher approach [159, 160]), modulated tempera-
ture (similar to scanning calorimetric techniques [114, 161]) and sample-controlled
(characterization performed at constant sorption rate, SCTA technique [114, 162]).
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3.2. Micro scale model

Table 3.2: Description of geometrical (CV), diffusive (D) and chemical order model applied for
the study of HSM.

Model Name Equation = kt

Contracting volume "Shrinking"
a CV-2D 1− (1−θ)1/2

CV-3D 1− (1−θ)1/3

Diffusive model

b D-Jander (1− (1−θ)1/3)2

D-GB 1− 2θ
3 − (1−θ)2/3

D-Valesic z−[1+(z−1)θ]2/3−(z−1)(1−θ)2/3

z−1
a for cylindrical particles
b for spherical particles
c z is the density ratio between product and reagent phase.

However, the main difference is in the approach used to identify the proper best fit
kinetic model representing the reaction mechanism.
For isothermal characterization, direct fitting methods or the Sharp & Jones approach
(linearization of reaction fraction curves with proper mathematical model formula-
tion [163, 164]) are commonly used. Otherwise, isoconversional methods [113, 165]
and model-free approachies [166] were widely applied on not-isothermal characteri-
zations but with some justified apprehensions.[167] In this document, direct fitting
and linearization method are applied to perform kinetic analysis of the investigated
HSM. The followed approach includes:

• the identification of the main kinetic mechanism of sorption through direct non
linear fitting or linearization approach;

• the estimation of kinetic parameter from the best fitted kinetics model;

• the validation of extrapolated data with literature database.

The first goal is achieved comparing the experimental fit to the mathematical set of
models reported in the previous section (tab. 3.2.2 and tab. 3.2). The validity of a
model is evaluated by the residual sum and the adjusted R-square value.
As soon as the most suited kinetic mechanism is identified, the next step correspond-
ing to extrapolation of parameter of the model: the apparent activation energy (E app

a )
and the estimation of the driving force contribution (D(P)). Their values are generally
derived by the characteristic k-values of the model applied, which is correlated to the
growth velocity of the produced phase and to the nucleation phenomenon, when non
instantaneous nucleation is considered. [112, 113]. According to Chou and Xu [111],
E app

a is the sum of the activation energy and of the enthalpy of single kinetic processes
occuring during sorption reactions, such as physisorption, chemisorption, diffusion,
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Chapter 3. Mathematical modeling of kinetics in hydrogen storage materials

etc. [111]. K-terms of kinetic models are generally expressed as [111, 115, 141, 168–
170]:

k(r,P,T ) =G(r )D(P )A(T ) =G(r ) ·D(P ) ·k0e− Ea
RT (3.23)

where G(r) is related to the sample geometry, D(P) represents the driving force of sorp-
tion phenomenon. Arrhenius relation A(T) is assumed as temperature contribution.
In scientific literature, driving force contributions assume different mathematical
forms[168, 170, 171]. Chou and Xu [111] identified the main D(P,Peq ) functions:
The relation between driving force contributions (D(P)) and the limiting kinetics

Table 3.3: Driving force mathematical relation from literature data.

Mechanism
H2Sorption Ref.

Absorption Desorption

linear relation P −Peq Peq −P [169, 172, 173]
Parabolic relation

p
P −√

Peq
√

Peq −p
P [169, 172–174]

Normalized 1 P
Peq

−1 1− P
Peq

[171]

Normalized 2 1−
√

Peq

P 1−
√

( P
Peq

) [169, 171, 175]

Chemical reaction ln( P
Peq

) ln(
Peq

P ) [37, 169, 170, 176]

Empirical ( P
Pe q −1)2 - [168]

mechanism is not fully understand. According to Chou et Al. [111], the linear relation
(P-Peq ) for absorption or (Peq -P) for desorption can represent both physisorption and
chemisorption phenomena while the parabolic relation represents bulk reaction or
diffusion processes. Generally speaking, the linear contribution is directly correlated
to superficial processes, while the parabolic relation regards principally phenomena
occuring in the bulk.[111]. On the other hand, Fernandez and Snchez [168] adopted an
empirical driving force equation which shows a considerable improvement in absorp-
tion data fitting (1− (Peq /P )2), but without any explanation for such a dependence.
For the desorption case, we report a driving force relation based on a normalized pres-
sure approach proposed by Ron [171]. Other works proposed different driving force
relations on the base of specific kinetics mechanism, as H2 superficial dissociation
(

P−Peq

a+bPeq
) and superficial chemisorption (

P−Peqp
T

)[173]. Although some works correlate
specific driving force relations with peculiar kinetics mechanisms (for instance, NG
model are associated with D(P,Peq = ln(P/Peq ) [177]), this is not commonly accepted.
The estimation of the driving force relation (D(P)) and of the activation energy Ea

involves in the study and the elaboration of a series of kinetic characterizations per-
formed at different temperature and hydrogen pressure.
The proper driving force relation is identified by the best linear fit of k(P,T ), as a
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3.2. Micro scale model

function of D(P,Peq )[37, 168]. Validity of the fit is evaluated by R2 value. Peq , the
equilibrium pressure of reaction is evaluated by proper PCT study of investigated
material.
The temperature contribution of eq. 3.23, k0e

−Ea
RT is analysed. The apparent activation

energy (Ea) and Arrhenius cofactor (k0) can be easily extrapolated by the slope of the
driving force as a function of 1/RT in a classic Arrhenius plot, where T is the working
temperature of sorption characterization, and R is the universal of gas constant

3.2.3 Results

The scope of this section was the validation of a proper kinetics model for the de-
scription of absorption and desorption process in a specific magnesium sample. The
identification of limit mechanism and kinetics fitting parameters involved the acquir-
ing of a considerable number of kinetics isotherm measurements, and the application
of appropriate kinetics analysis on the empirical data. The resulting model, once
validated, was applied as input for the macro scale model, subsequently exposed.

Material

Magnesium based material produced by MBN Nanomaterialia S.p.A., within EDEN
project (European Union’s Seventh Framework Programme (FP7/2007-2013) for the
Fuel Cells and Hydrogen Joint Technology Initiative), was investigated. Material was
produced by High Energy Ball Milling process (patented by MBN) with a particle size
inferior to 500µg( crystal size by XRD Scherrer Formula <35±2 nm), with a contain
of 7% of graphite. BET measurement showed a surface area equals to 0.25 m2/g just
produced while it raised at 21.9 m2/g after activation. The maximum quantity of
hydrogen storage was estimated as 7.1 ± 0.4 % w/w.

Experimental procedure

An aliquot of Mg-based material (50.9 ± 0.1 mg) was characterized. Several absorp-
tion and desorption kinetics measurement was performed at 573, 593, 613, 633, 643
K. At least 3 measures were collected in absorption and desorption process for any
investigated temperature.
The procedure for the storage storage and the sample chamber’s loading were con-
ducted inside a glove box under Argon atmosphere (oxygen and moisture < 0.5 ppm).
Sample was degassed for 12 h at 633 K and dynamic vacuum (directly connected to
vacuum pump at 1-5 Pa), until the approaching of limit vacuum pump. Sample was
activated, with a series of complete absorption and desorption process (7 cycle), for
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the achievement of the best kinetics performance. Next, the kinetics characterizations
were performed at isothermal conditions, in a range of temperature between 643 K to
573 K.
Kinetic investigations were performed with IDA instrument, previously described,
exploiting the advantages of such techniques respect to standard classic volumetric
instrument (Sievert). In order to maintain as much as possible a constant pressure
during the sorption phenomena, a proper expansion volume was used, compared
to the mass of investigated sample. The variation of pressure involved during the
characterization was at the maximum of 50 mBar, introducing a negligible error on
the reaction’s driving force. All experimental data were smoothed, applying an adja-

Table 3.4: Experimental condition for ABSorption and DESorption measurements.

Temp. [K] PressureMPa Temp. [K] Pressure[MPa]
ABS DES ABS DES

643
1.3 0.5

633

1.09 0.6
1.18 0.3 0.96 0.4
1.08 0.2 0.87 0.2

613

0.98 0.2 0.74 0.15
0.88 0.149 - -
0.79 0.101

593

0.96 0.151
0.69 0.032 0.86 0.101

573

0.97 0.103 0.74 0.05
0.87 0.045 0.64 -
0.80 0.037
0.60 -

cent average algorithm (weighted mobile average on 10 points), to reduce noise and
disturbance in collected measurements.

Absorption characterization

Absorption characterization on Mg-sample was performed at different pressure and
temperature conditions reported in tab. 3.4. The hydrogen uptake was estimated
about 7.2 ± 0.1% (uncertainty calculated by 2.18) of IDA instrument, in agreement
with data supplied by produced company. In the next plot, capacity of investigated
material has been expressed as reacted fraction (from eq.3.2).
From plots in fig. 3.1, at highest driving force parameter, investigated material reaches

fully hydride after 400s at 643K, 600s at 633 K, 800s at 613 K, approximately 1000 s at
593 K and finally at more than 1200 s at 573 K. Kinetics absorption rate increased with
the temperature as well as working pressure. Generally, absorption reaction was rapid
for pressure value far from equilibrium pressure of sample (elevate driving force).
Indeed, despite of high temperature (633 K), kinetics curve collected at 0.74 MPa was
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(a) H2 ABSorption at 643 K.
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(b) H2 ABSorption at 633 K.
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(c) H2 ABSorption at 613 K.
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(d) H2 ABSorption at 593 K.
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(e) H2 ABSorption at 573 K.

Figure 3.1: Absorption characterization on Mg based.

considerable slower respect to the others isothermal measures, because it occurred at
working pressure too close to the equilibrium pressure of material (0.71 MPa at 633 K).
About mechanism of reaction, absorption curves in fig.3.1 showed different shapes.
In the investigated range of pressure and temperature, temperature seemed to impact
on the form of the sorption curve, on the other hand, pressure didn’t affect the shape
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of curve but only the kinetic rate. At high temperature measurements, a S-shape
trend dominated (643-633 K) h, while at low temperature (613-593-573 K) absorption
curves assumed monotonic behaviours and the inflection point, visible in the study at
633 and 643 K, was reduced and strongly smoothed at lower temperature (it was also
slightly visible only in the first part of characterization at 613 K and almost neglected
at 593 K). Changing in the involved kinetics mechanism of hydrogen absorption can
explain these different behaviours.
In literature, hydrogen absorption reactions of Mg-M g H2 system were usually fitted
with nucleation and growth model (NG), especially with general formulation of JMAK
equation (reported in eq. 3.3). For absorption process, n-term, which represents the
dimensionality and the type of interface control of nucleation and growth processes,
seems principally depends by working temperature at which reaction occurs. In partic-
ular, for low temperature hydrogen sorption reaction on Mg material (483K [144, 153]),
Avrami coefficient took value between 0.5 and 1, ascribed to diffusive growth control.
At higher temperature (more than 633 K [168, 178]) n-terms took values between 1
and 2, identifying possible 2D or 1D growth process with interface control (constant
growth rate), based on classic interpretation of JMAK model. Lototsky et Al, [110]
reported JMAK fit for numerous absorption characterizations conducted on Mg based
material mixed with different carbon nano-structures. Here, n-terms took value be-
tween 1 and 4. Particle’s sizes had an important role in the type of limited kinetics
mechanism for absorption process too. Jeon et Al [179] showed as nano metric parti-
cles have an different n parameter (upper to 1), compared with similar studies at low
temperature (473 K).
Basing on scientific literature which studied hydrogen sorption on Magnesium mate-
rial [110, 178–181], absorption data in fig.3.1, were initially fitted with JMAK model
reported in tab. 3.2.2. Fitted parameters of JMAK model were reported in tab. 3.5.
NG model was applied between 0.01-0.98 of reacted fraction. Kinetics rate and JMAK
coefficient (n) were directly extrapolated by non linear fitting, operated by ™Origin
Pro program (based on Levengerg Marquardt iterative algorithm). Nucleation and
growth model described quite well the experimental data (R2 ≥ 0.99). By a first look,
n-terms took different values, principally depended by characterisations temperature.
At low temperature, NG model seemed to confirm a hydriding kinetics mechanism
involved in 1-dimensional growth of already formed superficial nuclei (instantaneous
nucleation), with constant growth speed. This was compatible with the radial growth
of superficial nuclei, which covered overall surface of particles in the first seconds
of absorption reaction. However, at higher temperature (643-633 K and in part at
613 K) Avrami coefficient took values greater than 1 (1.2-1.7), identifying a kinetics
mechanism which involved a higher growth’s dimensionality and assuming an in-
stantaneous nucleation (there was no reason to consider other type of nucleation).
The relative poor goodness of fitting data for high temperature measures (adjusted
R-Square < 0.999) revealed a possible variation of kinetics mechanism during the
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3.2. Micro scale model

Table 3.5: Value of JMAK coefficient and kinetics rate parameter extrapolated by JMAK model
(Pure Avrami in tab.3.2.2), for different temperature and pressure experimental conditions.

Temp.[K] Pres.[MPa] JMAK coeff., n [1] Kinetic rate [1/s] Adj. R2 [1]

643
1.06 1.55 2.59 ·10−3 0.9972
1.18 1.68 3.87 ·10−3 0.9979
1.30 1.60 6.23 ·10−3 0.9988

633
0.87 1.79 1.3 ·10−3 0.9978
0.96 2.01 1.81 ·10−3 0.9972
1.09 1.52 4.05 ·10−3 0.9976

613

0.69 1.11 2.51 ·10−3 0.9998
0.79 1.07 3.57 ·10−3 0.9996
0.88 1.02 4.98 ·10−3 0.9999
0.98 1.02 6.065 ·10−3 0.9999

593

0.64 1.01 2.55 ·10−3 0.9998
0.74 0.96 3.3 ·10−3 0.9996
0.86 0.97 4.03 ·10−3 0.9999
0.96 0.91 5.49 ·10−3 0.9999

573

0.60 1.05 1.3 ·10−3 0.9992
0.80 1.10 1.88 ·10−3 0.9997
0.87 1.06 2.16 ·10−3 0.9996
0.97 01.01 2.95 ·10−3 0.9995

absorption process.
In order to investigate these discrepancies, the time profile of n-terms was estimated
by experimental data. Experimental JMAK coefficients were obtained by rearrange-
ment of JMAK equation in eq. 3.24.

d [ln(−ln(1−θ))]

dln(t )
= n(t ) (3.24)

Local n-terms from experimental data in fig. 3.1 were plotted in n −θ graph, in order
to compare each other more efficaciously (fig. 3.2).
For absorption studies conducted at high temperature (643 K, 633 K an partially for

613 K, fig. 3.2), it is clear as n-values is not constant and doesn’t coincide with n value
extrapolated by non linear data fitting of JMAK equation reported in tab.3.5. In these
measures, n-values starts from 0, quickly raising up to 2.25-2 and decreasing to 1 with
proper rates. Such initial increment of n-values (from 0 to 2) can be caused by several
factor as the raising of incubation time for the nuclei formations. On the contrary, at
low temperature (593 K and 573 K), absorption mechanism is different. JMAK coeffi-
cient seems to appropriately reflect extrapolated n data, excluding reaction fraction
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(d) JMAK coefficient for measures at 593 K.
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(e) JMAK coefficient for measures at 573 K.

Figure 3.2: Local JMAK coefficient calculated by eq. 3.24.

bigger to 0.75 at 573 K, where JMAK coefficients tend to slightly increase. For same
isothermal measure, absorption pressures seems to regards exclusively the kinetics
rate (as reported in fig. 3.1) but not the type of kinetics mechanism, in the range of
pressure investigated.
From theoretical point of view, JMAK equation allows only integer values (n=1,2,3,4)
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3.2. Micro scale model

or half ones in case of diffusive control (n=0.5,1.5,..). moreover, it assumes a constant
values during overall kinetics phenomenon.[112, 113, 182] In order to seek a explana-
tion and possible interpretation about the variation of n coefficient during the high
temperature absorption reactions, limited growth NG models are introduced.
Limited growth NG model (N 0−GL2C+1 model, tab. 3.2.2) assumes that absorption
reaction occurs with an instantaneous surface nucleation of a fixed number of nucleus
on the surface of the magnesium’s particles. It considers superficial growth of nuclei as
restricted by finite superficial area and by overlapping of other growth nuclei. Finally,
the penetration of hydride phase into the particle is classically treated by JMAK model,
with proper impingement function or with a proper limited radial growth. Complete
mathematical formulations are reported in tab. 3.2.2.
In this case, only linear growth models are considered. Diffusive model models are
not applied for two main reasons. Firstly, diffusion controlled processes dominates at
lower temperature than used ones for similar materials, as reported by Shriniwasan
[153]. Secondly, JMAK coefficient for diffusion controlled growth should be around n =
0.5 for 1D growth, n=1 for 2D growth or n = 1.5 for 3 D growth in case of instantaneous
nucleation. Approximating magnesium sample as composed by spherical particles,
the hydride’s growth proceeds from the surface of particles into their cores, along
radial direction and in a pseudo one dimensional growth, as confirmed by SEM studies
on similar Mg based materials [183, 184]. In this condition, a diffusion controlled
kinetics should be revealed by JMAK coefficient equals to 0.5, however experimental
JMAK coefficient, hereby reported, is always upper than 1. Secondly, a possible 2D
diffusive controlled growth (n=1) is not justified, firstly because it requires pure plate-
shape particles and secondly, because the suppression of one of growth direction is
not justifiable in spherical geometry,.
The limited growth NG model (N0-G2A1D model) was applied to study high temper-
ature hydrogen absorption measures. Data’s fitting were reported in fig. 3.3, while
fitting parameters in tab.3.6.

Table 3.6: Fitting parameter for limited growth NG model (N0 −GL2C+1 model) applied on
high temperature characterization (643-633 K) reported in gig.3.1. The meaning of a and b
values are explained in tab. 3.2.2.

Temperature [K] Pressure [MPa] a [1/s] b [1/s] Adj. R2

633
0.87 1.3 ·10−3 2.22 ·10−3 0.9998
0.96 3.39 ·10−3 2.48 ·10−3 0.9994
1.09 5.29 ·10−3 9.64 ·10−3 0.9993

643
1.08 3.44 ·10−3 5.93 ·10−3 0.9998
1.18 5.79 ·10−3 6.47 ·10−3 0.9999
8.81 5.29 ·10−3 10.7 ·10−3 0.9998
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(b) T=633 K, P = 0.96 MPa .
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(c) T=643 K, P = 1.18 MPa .
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(d) T=633 K, P = 0.9 MPa .
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(e) T=643 K, P = 1.08 MPa .
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(f) T=633 K, P = 0.8 MPa .

Figure 3.3: Data fitting of absorption experimental measures. Black curve is the reacted
fraction, while red one is the non linear fitting with limited growth NG model. Blue curve is the
experimental JMAK coefficient derived by experimental data from eq.3.24 while, grey curve is
the JMAK coefficient calculated on the data fitting results.

Fig. 3.3 shows the non linear fitting of limited growth NG model on experimental data
(fig. 3.1) collected at high temperature (643-633 K). In the same graph, the compari-
son of JMAK coefficient derived by empirical data and fitting model obtained by eq.

94



3.2. Micro scale model

3.24 are plotted. Limited growth model didn’t fit the first moments of measures (<
90 s), where n-values, estimated by fitting model, tended to 3 (which is the limit of
the function of limited growth model for t=0). Initial increment of n-values can be
attributed to several factor as noise fluctuation in the pressure data, due to the quick
gas expansion in volumetric instrument, and the raising of incubation phenomenon
regarding the nucleation process. However, mathematical relation for incubation
time was extremely difficult to integrate mathematically in the nucleation and growth
model (eq.3.7), because it require to introduce the terms e− τ

t (t is the time of study
and τ is the characteristic incubation time [185, 186]) in eq. 3.7.
Finally, limited growth NG model fitted with a considerable goodness (R2 ≥ 0.999)
absorption data at high temperature, respect to classic JMAK equation, tab.3.6, in the
range of temperature investigated. Moreover, the comparison of JMAK coefficient
demonstrated that limited growth model not just fits the reacted fraction data but
even gave a reasonably explanation of variation of n-values during the absorption
reaction, tab.3.3.
This supports a possible interpretation of hydriding absorption mechanism on magne-
sium based material at high temperature. That could occur with following mechanism:
firstly, an instantaneous nucleation of a finite number of nuclei involves on the surface
of Mg’s particles. Nucleation process probably includes a incubation phenomenon,
which introduce a delay in the formation of nuclei. Secondly, any nucleus isotropi-
cally grows in 3-dimension like a hemisphere, penetrating into the Mg particle’s bulk.
Thirdly, surface of Mg particle is covered by the overlapping of growth nuclei with
the progress of absorption reaction, resulting fully covered when empirical JMAK
coefficient approach the unit. Finally, the phase transition’s front proceeds to the core
of magnesium particles, reacting with the remaining metallic phase.
The different kinetics mechanisms which were observed at distinct isothermal condi-
tions could be explained by a divergent number of available nuclei at the beginning
of absorption reaction. Indeed, number of nuclei and its formation rate depends
by two opposite temperature contribution. Firstly, the high temperature tends to
produce higher number of nuclei because energetic barrier of nucleation (correlated
to the nucleation’s activation energy) can be more easily overcome. On the contrary,
at higher temperature, formed nucleus can be destabilized, and redissolved for simple
thermal excitation.[186] So, it is reasonable to describe high temperature hydrogen
absorption mechanism on Mg-sample as leading by the number of formed nuclei
on the surface of particles, as supported by Tien et al. [180]. Few nuclei may grown a
lot before to meet other nuclei’s domains, proceeding with a more closest ideal 3D
growth, limited only by geometrical constrain of particle (as finite superficial area
and the radius). On the contrary, when experimental temperature decreases, the
number of superficial nuclei raises for the previously cited reasons. Consequently,
superficial area of sample’s powder is rapidly covered, and hydriding reaction almost
immediately proceeds to the core of particle with a 1-Dimensional growth model
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Figure 3.4: Hydrogen absorption data of fig.3.1 transformed using the function 1− (1−θ)3 and
plotted against t. Straight line are only guide for eyes.

tending to a contracting volume mechanism when number of nuclei is extremely
high.
As additional support to such kinetics mechanism interpretation, some work iden-
tified CV (contracting or shrinking model) as the possible limiting mechanism of
hydride phase in parent one. Barkhordarian and Revesz [187, 188] concluded that CV
model (3D, spherical shrinking model) can quantitatively described Mg based ma-
terial doped with N b2O5, while Bösenberg et al. [189] identified contracting volume
model as the principal kinetics mechanism for absorption phenomenon in Mg-Li
sample. However, NG and CV model fitting can give similar results with consequently
confusion about type of effective limiting kinetics mechanism, in particular for value
of n close to the unit. Indeed, as reported by Pang and Li [113], geometrical and NG
model can give overlapped results which are complicated to distinguish. Shrinking
model tends to give effective-JMAK coefficient (by direct fitting data) equals to n =
1.1 for interface-controlled model (constant interface velocity), or n=0.6 for diffusion
controlled geometric model (decreasing interface velocity: Jander, G-B or Valesi ap-
proach), when NG model is applied.
An additional investigation revealed as kinetics mechanism of hydrogen absorption on
Mg sample at the lowest temperature characterization (573 K) can be even described
by 3D geometrical-shrinking model. In fig. 3.4, the linearization of CV-3D model
(Sharp & Jones approach) is reported for absorption data obtained at 573 K. Linear
Straight black curve in fig.3.4 demonstrated that hydrogen absorption reaction on
Mg can be effectively modelled by 3D contracting volume mechanism for the initial
part of the overall absorption reaction. Furthermore, CV-3D mechanism can be noted
by time variation of JMAK coefficient analysis in fig. 3.2(e). Here, n-value tended to
increase from 1 to greater value at reacted fraction around 0.75-0.8. Such profile is
characteristic for CV-3D mechanism [113]. Kinetics absorption measures conducted
at 573 K were the only that appreciably manifests such mechanism.
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On the base of previous discussions and results, it was possible to map (fig. 3.5) the
kinetics absorption mechanisms occurred on Mg sample in a range of temperature
between 573-643 K and pressure 0.6-1.3 MPa.
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Figure 3.5: Map of kinetics mechanisms, involved in hydrogen absorption reaction on investi-
gate Mg sample. Red curve represents the equilibrium pressure of material. NG-LIM: limited
growth NG model. NG: nucleation and growth model (JMAK). CV-3D: Spherical Contracting
Volume model.

Once to identify the kinetic mechanisms of absorption reaction, the next step of kinetic
analysis sought to extrapolate the formulation of driving force from the kinetic con-
stant obtained by previous kinetic mechanism analysis. For absorption case, kinetic
parameters estimated by JMAK model (tab. 3.5) were used to next kinetic analysis. In
high temperature data, kinetics rates were obtained by limited growth model. The
estimation of driving force contribution meant to identify the mathematical relation
with the best fit against experimental data, which was assumed as the thermodynamic
contribution to the kinetic rate.[37, 168] Equilibrium pressure values were estimated
by Van’t Hoff relation, reported in the previous chapter about thermodynamic study
on Mg sample. H2 absorption reaction’s enthalpy was evaluated equals to 72 [kJ/-
mole], while entropy is about 130 [J/mol ·K ]. Typical formulations for driving force
contribution were collected in tab. 3.3, however just parabolic relation (

p
P −√

Peq )
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showed a reasonable goodness on data fitting (R2 > 0.995) (as reported also by [109]).
In fig. fig. 3.6(a), driving force relation based on linear relation was reported for all
investigated temperature. The data at 633 K and 643 K were taken by limited growth
NG model, while kinetics data at lower temperature measure, by pure JMAK model
treatment, tab. 3.5. Consequently, apparent activation energy correlated to the growth
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Figure 3.6: In (a), driving force fitting on experimental data are plotted and investigate with
proper linear regression model. Fitting parameters are then study in Arrhenius type plot ((b))
to extrapolate information about apparent activation energy of sorption phenomenon.

process can be extrapolated by Arrhenius graph, fig. 3.6(b), plotting ln[k(T )] versus
1/RT ; where k(T) is the angular coefficient of linear fitting extrapolated by previous
driving force study. Apparent activation energy was estimated about (91 ± 8) kJ/mole
for hydrogen absorption, while l n(k0) was equals to (12.5 ± 1.6) 1/s. Hereby extrapo-
lated data is in agreement with literature reference for absorption process (apparent
activation energy about 57-100 kJ/mole [109, 168, 190]).

Desorption characterization

Desorption characterizations on Mg-sample were performed at different pressure
and temperature conditions, reported in tab. 3.4. Analogously to absorption study,
gravimetric capacity of Mg sample was estimated as (7.2±0.1) %, in agreement with
data supply by produced company.
In kinetics studies conducted at high driving force (lower pressure), fully desorption

conditions were achieved in 180 s at 643 K, 270 s at 633 K, 720s at 613 K, 1800 s at 593
K and more than 3 h at 573 K. Hydrogen desorption plots showed a common S-shape
profile for all isothermal conditions. Pressure and temperature seem to impact on the
kinetics rate of reaction. Furthermore, kinetic desorption measures performed close
to equilibrium pressure of material (0.6 MPa at 633 K and 0.103 MPa at 573 K) showed
identical S-profile respect to the other curves, contrary to the absorption reactions,
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(a) H2 DESorption at 573 K.
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(b) H2 DESorption at 593 K.
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(c) H2 DESorption at 613 K.
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(d) H2 DESorption at 633 K.
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Figure 3.7: Desorption characterization on Mg based.

but with a considerable smaller kinetics rate.
The S-shape profile of curve supports the nucleation and growth model (JMAK or
Avrami model with n>1) as possible interpretation of kinetics desorption reaction.
[113] For this reason, JMAK model (tab.3.2.2) was initially applied on desorption data.
Fitting parameters (table 3.7) revealed that hydrogen desorption reaction on Mg sam-
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Table 3.7: Value of JMAK coefficient and kinetics rate parameters extrapolated by JMAK model
(Pure Avrami in tab.3.2.2) at different temperature and pressure experimental conditions for
desorption reaction study, are reported.

Temp. [K] Pres. [MPa] JMAK coeff., n [1] Kinetics rate [1/s] Adj. R2 [1]

643
0.2 3.61 5.98 ·10−3 0.9987
0.3 3.61 5.12 ·10−3 0.9990
0.5 3.32 3.04 ·10−3 0.9987

633
0.105 3.25 4.40 ·10−3 0.9990
0.204 3.20 3.75 ·10−3 0.9990
0.404 3.17 42.46 ·10−3 0.9990

613

0.032 3.77 1.72 ·10−3 0.9975
0.101 3.73 1.37 ·10−3 0.9972
0.149 3.70 1.11 ·10−3 0.9985
0.202 3.71 0.86 ·10−3 0.9987

593
0.051 4.01 6.25 ·10−4 0.9966
0.101 3.87 3.81 ·10−4 0.9967
0.151 3.72 2.45 ·10−4 0.9980

573
0.037 3.21 1.22 ·10−4 0.9986
0.045 3.24 1.07 ·10−4 0.9984
0.103 1.77 3.94 ·10−5 0.9984

ple occurred through nucleation and growth mechanism, with high value of n-terms.
[191–193] reported a JMAK coefficient n=4 for hydrogen desorption reaction on pure
magnesium at 623 K, corresponding to a kinetics mechanism which involved in the
continuous formation of stable Mg’s nuclei in the hydride parent phase as rate limit-
ing step in the H2 desorption kinetics. However, Fernandez and Snchez [168], Cabo
et al. [190] extrapolated n-value around 2 by kinetics characterizations performed in
range of temperature between 603-663 K, assuming kinetics step controlled by two-
dimensional growth of random nuclei of Mg metal with constant interface velocity.
Konstanchuk et al. [194] identified a n-value equals to 3 (instantaneous nucleation
with 3D interface growth) however it raised some doubts on the instantaneous nucle-
ation assumption. At the way, Liang et al. [172] extrapolated the same n-values (3) for
the desorption study on catalysed Mg sample but he interpreted hydrogen desorption
process as controlled by decreasing nucleation rate and two dimensional growth
processes. Finally, Huot et al. [195] reported a n=3, for desorption study conducted on
very similar material respect to investigated sample in this work.
According to fitted parameters reported in tab. 3.7, JMAK model interpreted desorp-
tion mechanism as due to a continuous nucleation rate with 3D growth of Mg-nuclei
(n=4) or decreasing nucleation rate (3<n<4) in the investigated sample. Desorption
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3.2. Micro scale model

measure obtained at 573 K and at 0.103 MPa, presents a n-value equals to 1.77, in
agreement with a 3D diffusion controlled growth, with a decreasing nucleation rate.
However, some works noted that JMAK coefficient can change during the desorption
reaction [178, 196]. For this reason, an additional investigation were conducted on all
desorption measures (fig. 3.7), in order to estimate local JMAK exponents (estimated
by eq. 3.24) against reacted fractions data.
Fig. 3.8 demonstrated as effectively JMAK coefficients was not constant for whole

desorption reaction and for any investigated isothermal conditions. Local JMAK co-
efficient started to 0, increasing with proper slope which seems to slightly depends
by temperature, up to approach at maximum n=4 or n=5 (for measurements at 613
and 593 K), then falling down to 0. In these case, JMAK coefficient is time increasing,
approaching the maximum value for reacted fraction of approximately 0.5-0.7 (de-
pended by pressure). n-terms reported in tab. 3.7 represent an average value during
whole process. Local JMAK coefficients seemed to be more temperature independent
compared to absorption reactions, impacting slightly in the first half of reacted frac-
tion. On the contrary, pressure values seemed to affect on reaction mechanisms only
at high reacted fraction value, while JMAK coefficient is almost pressure independent
for θ < 0.5/0.6.

The kinetics mechanism on hydrogen desorption phenomenon on Mg sample is
not fully understood. Although nucleation and growth model gave a possible basic
interpretations (continuous nucleation of Mg-seed in bulk materials following by
3D growth interface -controlled), the variations of local JMAK coefficient during the
reaction weren’t predicted and explained.
A possible explanation of initial local JMAK coefficient’s increment may be attributed
to incubation phenomenon, identified by Takeichi et al. [178] in desorption reaction
on M g H2 sample, which delays and hides the real kinetics mechanism. However,
as already discussed, the mathematical treatment for incubation phenomenon is
particularly difficult to integrate in nucleation and growth model.
Moreover, as reported by Mooij and Dam [197], hydrogen desorption reactions (on
thin layer) didn’t show any visual evidence for superficial nucleation of Mg in M g H2

at any supersaturation state (although obtained at low pressure and temperature
conditions), which instead occured in absorption reaction. This suggested that des-
orption phenomenon may even occurs even with a contemporaneous contracting
volume mechanisms as supposed by [150] for small particles, and supported by SEM
image ([153, 184]). Unfortunately, limited growth NG model, hereby develop, were not
suitable to describe hydrogen desorption mechanism of reaction, because they de-
scribed process of growth where growth’s dimensionality and nucleation rate tended
to decrease in the time because spatially limited. Instead, in desorption reaction,
local n terms initially increased over the time. A proper mixed model were tested on
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Figure 3.8: Local JMAK coefficient estimated by eq. 3.24 on desorption data in fig. 3.7. The
discrepancy in term of curve profile of desorption measures at 573 K and 0.103 MPa (fig. 3.8(e))
could be ascribed by very low driving force (equilibrium pressure equals to 0.152 MPa)

desorption data, including NG parallel to a shrinking volume mechanism. However,
the resulting fits were poor and not properly describe the physical phenomenon, for
these reasons they weren’t reported in this work.
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Based on previous discussion, nucleation an growth model, known as JMAK method,
is still the most suitable approach for the description and modeling of hydrogen
desorption reaction on M g H2 sample. In the investigated range of pressure (0-0.5
MPa) and temperature (573-673 K), hydrogen desorption reaction from investigated
Mg-based material can be modeling with sufficient accuracy by JMAK model.
Kinetics constant k-terms obtained by JKMA model (tab. 3.7) were plotted with differ-
ent mathematical relations to identify the more appropriate driving force contribution.
Equilibrium pressure values were estimated by Van’t Hoff relation, reported in the
previous chapter about thermodynamic study on Mg sample, with H2 desorption
reaction’s enthalpy equals to 74.1 [kJ/mole] and an entropy of 132.8 [J/mol ·K ]. Even
here, parabolic relation tab.3.3) showed the best linear fittings with a R2 equals to 0.99
for the different isothermal characterizations. Driving force contribution is reported
in fig. fig. 3.9(a). Scientific literature present spread values about apparent activation
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Figure 3.9: In (a), driving force fitting on experimental data were plotted and investigate with
proper linear regression model. Fitting parameters are then study in Arrhenius type plot ((b))
to extrapolate information about apparent activation energy of sorption phenomenon.

energy data: 141 kJ/mole for Bazzanella et al. [193], 120 kJ/mole for Huot et al. [195]
while Jensen et al. [198] reports a considerable reviews on Ea value included in a
range between 120-160 kJ/mole, some other work report value between 233 and 299
kJ/mole. In this work, Apparent energy of activation for desorption process has been
extrapolated by proper Arrhenius’s plot in fig. fig. 3.9(b). A value of (135 ± 7) kJ/mole
was estimated with ln(k0) equals to (19.5 ± 1.4) [1/s], in agreement with literature
data.
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3.3 Macro scale model

In order to develop a successfully hydrogen storage tank based on magnesium hy-
dride material, the elevate enthalpy of hydrogen sorption reaction on M g /M g H2

(72-75 kJ/mole) introduces a challenge in the designing of tank’s inner layout respect
to other metal hydride materials. Indeed, during hydrogen absorption absorption
reaction, active materials tends to quickly approach the equilibrium temperature at
the working pressure, stopping the storing process and limiting the efficiency. At the
contrary, during H2 desorption process, active material tends to rapidly cool down
itself, drastically decreasing the reaction kinetics.
So, the bottleneck on the performance of stored reactor is the thermal diffusivity, and
the capacity to quickly remove or supply elevate amount of heat power in Mg based
material. In the light of these consideration, it is clear as design and dimensioning
of a hydrogen storage tank has considerable role in order to achieve and to exploit
the best performance from magnesium-based materials in industrial or commercial
application.
In this contest, numerical simulations support the realization of a successfully hy-
drogen storage tank, maximizing the performance of storage material. However, an
accurate and complete numerical simulation of hydrogen storage tank based on HSM,
requires the development of a suitable mathematical model for the description of
tank macro system, which considers: hydrogen sorption reaction of HSM and thermal
and gas diffusion in the inner structure of tank. The ultimate scope of macro model
and relative numerical simulation are the designing and optimization of a proper
hydrogen storage tank where sorption kinetics performance approaches the intrinsic
performance of materials applied.
Many investigators developed different approach on mathematical analysis about
hydrogen storage tank, (LaNi5, [132, 199, 200] , activated carbon structure, [201]) and
on Magnesium hydride [37, 118, 120, 121, 202]. Cited papers certify the useful of
modeling, as successful numerical tool to explore different design of tank focusing on
particular issues or components inside HSM’s reactor with content costs and efforts.
Objective of this section of thesis is the development and validation of a macro model
for the description and modeling of a hydrogen storage tank unit based on Mg ma-
terial. Kinetics reaction of metal hydride is estimated on the base of physical micro
modeling, hereby previously developed. Validation of macro model has been certified
by the comparison of experimental data obtained by proper experimental set up.

3.3.1 Methods

Macro model includes the coupling of proper heat and gas diffusion model with
the kinetics modeling of investigated metal hydride. In this case, micro scale model
previously described, was used as core of macro scale model for the description of
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hydrogen sorption processes. Physical parameters of materials (i.e. thermal and
physical proprieties as thermal conductivity, gas permeability, et..) were obtained by
proper characterization, while some others were directly extrapolated by experimental
data. Finally, proper boundary conditions of the tank (shape of pelleted material,
pressure conditions, heater positions, et..) completed the needed information for the
numerical simulations.
COMSOL Multyphisics software, extended with Fluid Dynamic and Heat Transfer
modules was used as modeling software.
Numerical results by macro modeling were validated against experimental data ob-
tained by prototype of hydrogen storage tank based on Mg material. Dynamic solver
of COMSOL software was applied to describe transient behaviour of magnesium-
based material in pellet shape inside a tank, in particular about profile of pressure,
temperature and reacted fraction, during the absorption and desorption reaction of
hydrogen.

Assumption

Assumption in physical modeling are necessary to approach a consistent compromise
between easily, accessibility and data fitting. The following approximation were well
sustained by other scientific work on similar problems.

• Hydrogen was consider like ideal gas[37, 120, 203]. We assumed pressure-
temperature relation as ideal state equation of gas (ρH2 = (PV )/(P MH2 T )). In
this condition, hydrogen compressibility factor (Z) was approximately to 1 (with
a error of 0.1% at 10 bar calculated by revised standardized equation of Eric W.
Lemmon [87, 89]).

• thermal equilibrium between gas and solid was assumed within the porous
media of Mg-material.[204–206]

• Radiative heat transfer was neglected.[132]

• Thermo-physical proprieties of system were considered independent by tem-
perature and hydrogen concentrations.[132]

• It was assumed that volume of Mg-pellet didn’t change during absorption and
desorption phenomena. This is a stronger assumption. Real variation of volume
between magnesium and its hydride is approximately 20% (base on density data)
but numerical model didn’t consider any volume variation.

• As a consequence of hysteresis phenomenon (apparent different equilibrium
pressure between absorption and desorption process), the enthalpy and entropy
of sorption reaction was considered as an average value between the two value
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extrapolated by thermodynamic investigation (∆H abs-∆H des and ∆Sabs-∆Sdes),
reportd in the second chapter of this work.

Mathematical formulation

Mathematical model for the description of hydrogen storage tank included the specific
kinetics modeling of hydrogen storing materials (resumed by the previously reported
micro modeling) and the main physical variables as temperature and pressure inside
the tank, described by proper thermal and gas diffusive model.
In real macro system, temperature and pressure can not be assumed as homoge-
neously distributed and constant over the time as assumed in previous chapter. For
these reasons it was necessary to introduce the phenomena of thermal and gas diffu-
sion. Heat and gas diffusion problem in porous material obeyed at known physical
laws which can be analytically or numerically solved coupling them with the proper
mathematical formulation of hydrogen sorption reaction obtained by micro scale
model.

Temperature’s distributions on the analysed domain was given by 3D heat equation,

ερH2CH2

δTH2

del t at
+ (1−ε)ρsCs

δTs

δt
+ερH2CH2∇(TH2 ·−−→vH2 ) = κe f f ∇2T +S. (3.25)

where κe f f is the efficacy thermal conductivity of porous medium. It was estimated
as linear combination of thermal conductivity of magnesium κM g and magnesium
hydride κM g H2 weighted on the porosity of materials (ε) and the thermal conductivity
of hydrogen gas (κH2 ) in eq.3.26.

κe f f = (κM g + (κM g H2 −κM g )θ)(1−ε)+κH2ε. (3.26)

Analogously, thermal capacity and density of material were calculated in eq. 3.27:

Csρs = (1−θ)ρM g CM g +CM g H2θρM g H2 . (3.27)

S-term in eq. 3.25 represented the heat source derived by chemical reaction of hydro-
gen absorption or desorption. It was estimated by the enthalpy of reaction (∆H) and
reaction progress (θ).
Macro Model assumed no volume’s changing during sorption reaction. So, the term
ρ

app
M g H2

was introduced as the apparent density of magnesium hydride like it main-
tained the same volume of original magnesium. In this way, S-term can be expressed
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as:

S =
[dθ

d t

ρ
app
M g H2

−ρM g

P MH2

(1−ε)∆H
]

. (3.28)

About Hydrogen pressure and gas diffusion in porous media, Darcy’s law (eq.3.29) was
used,

−→∇P =−η
k
−−→vH2 . (3.29)

In Darcy’s law, flow of hydrogen was directly proportional with drop of pressure inside
pellet. η is viscosity of hydrogen, while kH2 is the gas permeability of magnesium
pellet.
Assuming HSM composed by spherical particles, compressed in porous pellet-shape,
kH2 term can be estimated by Carman-Kozeny equation, 3.30,

kH2 =
ε3

180(1−ε)2
d 2, (3.30)

where d is the mean particle’s size, while ε is the porosity of porous matrix.[207]
Variation of pressure inside porous material was associated to the variation of mass/-
density of gas by ideal equation of gas,

P = ρH2

P MH2

RT. (3.31)

Mass balance was introduced with,

ε
dρH2

d t
+∇(ρH2

−−→vH2 ) =
[dθ

d t
(ρapp

M g H2
−ρM g )

]
. (3.32)

Mass balance in eq. 3.32 included both hydrogen flow from sorption reaction and
external source. θ is the reacted fraction (1 for fully hydride material and 0 for pure
Mg).
Micro kinetics model developed in last section was applied and reported in tab. 3.8.
JMAK model was applied, considering the range of temperature and pressure involved
in typical hydrogen storage tank-bed of Magnesium (573-613 K and 0.1-1 MPa). For
hydrogen absorption phenomena, JMAK coefficient was considered equals to 1, while
a mean value of n = 3.5 was retained suitable for desorption reaction. Kinetics con-
stants rate were estimated by eq.3.23, where D(P,Peq ) and relative parameters were
the results of previous kinetics analysis on Mg material. For absorption process, a
parabolic relation was assumed to describe driving force contribution. A parabolic
function was used even for desorption phenomenon. Driving force relations and
temperature contribution (Arrhenius equation) are resumed in tab. 3.9.
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Table 3.8: Mathematical relation for kinetics absorption and desorption reaction derived by
Micro model analysis. f(θ)= kt is reported (eq. 3.1)

Reaction f(θ) n

Absorption
n(1−θ)[−ln(1−θ)]1−1/n 1

Desortpion 3.5

E abs
a and E des

a are respectively the activation energy of absorption and desorption

Table 3.9: Temperature and pressure contribution on constant rate for absorption and desorp-
tion processes.

Process Driving force relation Temperature contribution

Absorption
p

P −√
Peq Aabs

0 e
−E abs

A
RT

Desortpion
√

Peq −p
P Ades

0 e
−Edes

A
RT

reaction, followed by proper cofactor terms, Aabs
0 and Ades

0 , estimated by micro model
analysis. Peq was evaluated by Van’t Hoff relation. Enthalpy and Entropy of reaction
was considered an average value between thermodynamic parameters of absorption
and desorption reaction, calculated in second chapter of this work. Parameters are
resumed in tab. 3.10.

Numerical software

COMSOL Multiphysics was utilized as environment software in order to successfully
develop a numerical tool of magnesium-based tank. COMSOL was a powerful software
to simulate different physical/chemical phenomena at small/medium scale with
multiple options on the complexity and accuracy of physical laws through Finite
Element Method (FEM). Software can simulate physical behaviour of a selected-
built space domain, both if system is complex and it is time-dependent. Choose of
suitable mesh is the most important step in order to have a high accuracy of numerical
simulation. Typically, mesh is automatic chosen by type of utilized physical module,
but if geometry of system results very complex, mesh creation can be customized. In
numerical simulation, incorrect initial value can cause mathematical artefacts with
following errors in simulation. For this reason, some precaution were necessary:
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Figure 3.10: To the left, picture of real system including graphite fins and pelleted Mg-based
material. Magnesium and graphite pellets are stacked in a sandwich configuration. The
vertical metal bar is the heater element. On the right, the simulated 2D symmetrical geometry
is reported.

Geometry and constraints

A Prototype of hydrogen storage tank were realized in MATRES-MBN nanomaterialia
[208] facilities within of the EDEN project. Experimental set up of modelled system is
reported in fig. 3.10. It included two Mg-based pellets in a sandwich configuration,
alternate by three graphite square disks to improve thermal diffusions. Pellets were
composed by magnesium powder produced by high energy ball milling, addicted
with 7% of graphite to improve thermal proprieties of material. Active material was
characterized in the previous part of document. Mg-material was properly compacted
in pellets. Sizes and physical parameters of graphite and Mg pellet are reported in
tab. 3.10. An appropriate heater elements was placed in the central part of every
elements of prototype (graphite fin and Mg-pellet properly pierced). A thermocouple
was placed between central graphite fin and adjacent magnesium pellets.
An identical 2D symmetrical geometry was realized by proper builder included in
™Comsol software, and reported in fig. 3.10. Simulated geometry replicated identical
size and design of experimental set-up, included the empty space of tank for a correct
estimation of external pressure. Analogously to the real system, a heater element was
simulated in the center of Mg-pellets as a fixed temperature conditions on the left
boundary of material’s domain in the simulated design reported fig. 3.10. We assumed
hydrogen gas diffusion exclusively occurred through the lateral right boundary of
magnesium pellets.
Physical parameters of hydrogen gas (as thermal proprieties) were already included in
the ™Comsol software.

Macro model here introduced, kept in consideration tank’s thermal losses to the envi-
ronment, which strongly affected temperature of material’s bed inside tank. In this
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case, thermal losses were estimated approximately in 300 W. This value was extrapo-
lated by stationary study on tank when material was fully hydrided or de-hydrided,
and temperature gradient inside tank was only due to thermal losses. Thermal dis-
sipation was easily estimated considering thermal conductivity of graphite fin, and
the position of thermocouple sensors. Experimental parameters of pellets (as thermal
conductivity and capacity) were estimated by proper thermal and gas diffusion char-
acterization on single pellet. Tab. 3.10 resumes all physical parameters used in this
work.

Table 3.10: Main parameter involved for the numerical simulation of experimental set up
system in fig.3.10. Micro model parameter were estimated by previous kinetics analysis
conducted on Mg sample.

Parameters Symbol Unit Value

Micro model
Parameter

Enthalpy ∆H [kJ/moles] 73.1
Entropy ∆S [kJ/(moles*K)] 131.4

Activation Energy
E abs

a [kJ/moles] 91
E des

a [kJ/moles] 135

Cofactor
Aabs

0 [1/s] exp(12.5)
Ades

0 [1/s] exp(19.5)

JMAK coefficient
nabs [1] 1
ndes [1] 3.5

H2 gravimetric capacity % [1]w/w 7.1

Experimental
parameters

Thermal conductivity
a λM g [W/m·K] 16f

λM g H2 [W/m·K] 6f

Thermal Capacity
a CM g [J/kg·K] 1147e

CM g H2 [J/kg·K] 2075e

Density

a ρM g [kg/dm3] 1.738
ρM g H2 [kg/dm3]] 1.45
ρM g H

app
2

[kg/dm3]] 1.767

Gas Permeability b kH2 [m2] 1E-14
Porosity εc [1] 0.5
Pellet Radius r [m] 35E-3
Pellet Height h [m] 10E-3
Graphite Height h f i n [m] 10E-3
Pellet Massd mM g [g] 124.1
Tank’s volume Vt ank [kg/dm3]] 2.518

a graphite and hydrogen thermal and physical proprieties are estimated by ™Comsol’s
database.

b Estimated by Carman-Kozeny equation 3.30.
c Ratio between empty and total pellet volumes.
d Total mass of Mg based material inside tank.
e [209] at 573K.
f Estimated by proper thermal characterization
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3.3.2 Results

Here, the results of numerical simulation performed on macro model were reported.
Hydrogen pressure, temperature of metal hydride’s bed and reacted fraction data
were collected in proper experimental set up and compared with results of numerical
simulations performed on macro model, in order to evaluate the goodness of storage
tank’s modeling.
Desorption case was initially analysed. Experimental procedure involved in the dis-
charge of small aliquot of hydrogen from tank at specific time, td (with i, from 1 to
13), decreasing hydrogen pressure in the tank and forcing the desorption process.
For simulating experimental procedure, a series of step (rectangle) functions centred
on td , eq. (3.33), were implemented in the macro model with the aim to simulate
experimental procedure.

mtot
H2

=
13∑

d=1
md

H2
δtd (3.33)

where md
H2

represent the quantity of hydrogen gas removed by the tank, at the time td .
However, first results showed big discrepancy between temperature and pressure
simulated and experimental data. For this reason, assuming that heater’s temperature
was constant for the overall period of measure, it is possible to suppose that tempera-
ture’s gaps could be caused by changing in the thermal contact between Mg-pellets
and graphite’s elements. This can be supported by several factors as change in density
between hydride and metal phase transition (pellet’s volume decreases for desorption
reaction) or crumbling of pellets due to the cycling process. For these reason, a proper
time decreasing thermal contact’s resistance between graphite’s fins and pellet was
introduced in the macro model. The value of thermal resistance has been extrapo-
lated at the end of each desorption step, when magnesium and hydrogen system was
assumed at pseudo equilibrium conditions and assuming thermal losses constant for
overall desorption study.
In fig. 3.11, experimental data obtained by desorption reaction of Mg-based material

were compared with results of numerical simulation obtained by macro model. Simu-
lated pressure and reacted fraction values are almost in agreement with experimental
data. However, they showed little discrepancies. These are due to several factors as:
not proper hydrogen mass subtract to the empty space of tank (mi

H2
of eq. (3.33)) or

the incorrect estimation of empty tank’s volume. Such defects impacted even on the
pressure data which were slightly overestimated respect to the experimental ones.
Nevertheless, simulated temperature data showed a considerable discrepancy respect
to the simulated data. That could be justified by previous cited reasons, as well as a
not perfect placement of thermocouple in the pellet. Unfortunately, experimental set
up didn’t provide any additional thermocouples to check temperature in other point
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Figure 3.11: Numerical simulation performed on desorption reaction of Mg-sandwich tank.
Black curve are the experimental data.

of tank.

Finally, absorption case was investigated. Analogously for the desorption study, ex-
perimental procedure involved in to introduction of fixed amounts of hydrogen gas
in the tank, in order to increase the pressure and to force the absorption reaction of
hydrogen on Mg-material. In this case, only three step of adding gas were involved at
time ta . For this reason a proper step function (similar to eq. (3.33)) was implemented
in the numerical model.
A constant thermal contact resistance were introduced between graphite’s fin and
magnesium pellets. Numerical simulation performed on COMSOL, reported data
about reacted fraction, pressure and temperate in good agreement with experimental
one, as shown in fig. 3.12. Even here, temperature data showed the most relevant
deviation respect to experimental one, probably due to incorrect estimation of ther-
mocouple’s position. Despite of this, simulated temperature data followed a trend
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Figure 3.12: Numerical simulation performed on absorption reaction of Mg-sandwich tank.
Black curve are the experimental data.

very similar to the experimental one (fig. 3.12(b)), supporting the incorrect position of
thermocouple as possible reason for data’s discrepancy.
At the end, it was possible to claim that numerical simulation results demonstrated
the potentialities of macro model, hereby developed, to describe physical parameters
in a hydrogen storage tank during hydrogen absorption and desorption reaction. An
improvement in the collection of temperature data could be improve reliability of
macro model.

3.4 Lumped model

3.4.1 Introduction

Mathematical simulations have a strongly role in the design and optimization of
hydrogen storage tank. However, numerical simulations require a well-knowledge
about chemical and physical aspects of hydrogen interaction with metal hydrides.
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This means to deeply study: mechanisms of reaction, driving force relation, tem-
perature dependence and finally to characterize itself material in order to obtain
thermodynamic and kinetics data, useful for numerical simulation. Moreover it is
necessary to well-known boundary condition of system, as thermal conductivity of
every element, geometrical disposition and dimensioning. So, they can optimize
and facilitate the work about the design of tank, but they require the development
or application of a suitable and in same case complicated physical model, coupled
with a well-expertise, as well as the utilization of powerful software (i.e. COMSOL or
FLUENT) [37, 204, 210–213]. Aim of this work is to present a suitable, reliable and
simple numerical tool for the development and modeling of high density storage tank
with metal hydrides. Model, hereby developed, can describe in first approximation
best design for hydrogen storage tank based on metal hydride and in particular it is
been utilized to simulated magnesium hydride as active material, but it can be applied
on any metal hydride, it is sufficient to introduce correct mathematical formulation
of kinetics and suitable thermodynamic data of equilibrium reaction, obtained by
micro scale model evaluation. Point of strength of this model is the simplicity, how it
is reported in next part of document, mathematical formulation of model is relative
more affordable respect to previous one but at the same time fitting very well with
results from a more complex model solved by more robust approach and software, as
COMSOL. Lumped model is been checked with numerical simulation (FInite Element
Method, FEM) performed with a complete physical model ran on ™COMSOL soft-
ware, developed in previous section of document. In particular, Magnesium hydride
is been utilized as example material.

3.4.2 Methods

Lumped model is a further approximation of physical model introduced in the pre-
vious section. It means to reduce the description of a generic physical system into
discrete entities under fixed assumption, in particular, it introduces constitutive
equation (i.e. Darcy’s law, analogies between thermal and electrical conductivity/re-
sistance, etc...) assuming material domains like a continuous material, distinguishing
domains of single element as pellets or fins. Advantage points of this formulation is
the simplicity respect to more complex models, which may includes, complicated
PDE’s solution. Results of lumped modeling can be utilized only like guidelines for
further investigation or as the base on to develop a hydrogen storage tank. Two pa-
rameters are introduced to evaluate the performance of a tank: RT H and RK P, which
represent thermal and gas diffusion resistance inside tank. It is interesting to note as
particular combinations and targets for a tank (flux of hydrogen, hydrogen storage,
working temperature, volumetric density, etc.) can be achieved with specific value of
such two merit’s figures. Such values keep in consideration every possible geometric
and design parameter and can be utilized to optimize a specific aspect of tank (heat or
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gas diffusion). Limiting some important parameters, as volumetric density, working
temperature and exchanged hydrogen flux, it is possible to choose the best or minimal
engineering options about the realization of tank (dimensioning of fin, conductive
material, geometry, etc) with the specific performance. In this way, it is possible
to easily obtain simple output parameters for the developing of a hydrogen storage
tank based on magnesium hydride and to dimension it about some input parameters
(flux, total capacity, etc.), obviously, knowing parameters of inner materials (thermal
conductivity, porosity, etc.). Vice versa, inserting output data (as geometry of tank) it
is possible to evaluate the useful working time at a particular flux of hydrogen, as well
as final hydrogen pressure inside tank and the goodness of its design.

3.4.3 Mathematical formulation

Here, the theoretical approach for the development of lumped model is reported.
Firstly, some important assumptions are introduced:

• Overall tank is approximate as a continuum domains, even distinguishing every
inner elements (fins and pellets).

• Model estimates only average or effective value of temperature and pressure
inside tank.

• Lumped model considers whole storage tank at stationary state. It means kinet-
ics rate of hydrogen absorption or desorption by HSM coincides with the flow of
gas introduced or expelled by tank. This condition is resumed in eq. 3.34.

v f low
H2

= vki n (3.34)

Last one is the core of lumped model. v f low
H2

represents the hydrogen release or uptake
flow required by tank, while Vki n is the proper reaction rate of material, function of
pressure and temperature inside tank as well as by the type of stored material and its
limited mechanism of reaction. Considering magnesium hydride, and metal hydride
in general, kinetics rate is well described by eq.3.1,

vki n = f (θ)D(P )A(T ) (3.35)

which assumes reactions rate dependent by three terms: reacted fraction (θ), pressure
(P) and temperature (T), as described in the first section of this document’s chapter,
about micro scale model analysis.

About f (θ), nucleation and growth model has been validated for the description of
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hydrogen sorption process on Mg based material. So, f(θ) term is:

f (θ) = n(1−θ)(−ln(1−θ)))1−1/n (3.36)

where n, JMAK coefficient, assumes n=1 for absorption and n= 3.5 for desorption
phenomena.
D(Peq ,P ) and A(Eat t , a0,T ) terms include the impact of pressure and temperature on
the kinetics performance of hydrogen storage material. However, the type of layout
and supporting material used to realize the hydrogen storage tank impact on these
terms. In the next sections, these terms are examined.

Temperature modeling

Mathematical representation of A(T ) is the Arrhenius relation.

A(T ) = k0e
− Ea

RTe f f (3.37)

Where Ea and k0 are activation energy of sorption process and the co-factor. Such
parameters can be extrapolated by proper kinetics analysis on investigated HSM.
The real unknown variable is the temperature which is generally modelled with the
robust and reliable three dimensional heat equation (δT

δt −a∇2T =Qs , where a is the
thermal diffusivity and Qs is the heat flow, if it is present) and proper starting and
boundary conditions. However, the scope of this lumped approach is to strongly
simplify the description of heat phenomena in the hydrogen storage tank. For these
reason, lumped model summarizes all thermal process that occurs during sorption
phenomena in a effective temperature Te f f and whole heat fluxes pathway in a proper
thermal resistance, Rth , which considers the layout of tank (design and supporting
material).
For a simple geometry as reported in fig. 3.13, (but it is possible to extend this approach
on other layouts), model assumes effective temperature with follow consistent relation
(eq. 3.38):

TH −Te f f =∆Te f f =UH2 RT H (3.38)

Where,TH is the temperature of heater source, while ∆Te f f is the difference of tem-
perature between that and Te f f . It is function of the heat power required by storing
material to release or uptake a known flux of hydrogen, UH2 ,(easily obtained by en-
thalpy of reaction, ∆HH2 ) as well as thermal resistance of tank.
Goal of lumped model is not to describe or collect temperature data in every point
of simulated domains but to estimate average temperature drop in the tank. For this
reason an effective value of thermal resistance can be estimate, as representative of
goodness of tank layout. Rth includes thermal conduction, dimension and layout of el-
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ements within storage system, incorporating also thermal contact resistance between
interfaces and any components. Representing thermal diffusion as electrical analogy,

(a) 2D Axial Geometry. (b) Equivalent electrical circuit.

Figure 3.13: (a), 2D axial-symmetrical model of generic inner layer of hydrogen storage tank
with cylindrical layout. Stored material is in blue, placed between two high conductive fin
(red color). Heater is placed in the middle side of tank. In the (b) figure, the relative electrical
analogies for thermal resistance is reported.

it is possible to approximate thermal flux, UH2 , and efficacy temperature drop,∆Te f f ,
like current flux and differential of voltage through an electrical circuit with suitable
thermal resistances as in electrical case. For a simply geometry as showed in fig.3.13 ,
model calculates Rth value as composed by two thermal resistance in parallel, which
includes additional thermal resistances in series: first one is thermal diffusion long
pellet and second one is long high conductive fins present inside the tank. More
specifically, thermal resistance reported in fig. 3.13 are:

• R1, thermal contact resistance between heater and fin,

• R2, thermal conductive resistance long fin,

• R3, thermal contact resistance between fin and active material,

• R4, thermal contact resistance between heater and active material,

• R5, thermal conductive resistance long active material,

• R6 (not sign in fig. 3.13), thermal conductive resistance long active material from
fin to the center of pellet (axial direction)

• R7 (not sign in fig. 3.13), thermal conductive resistance long fin material to the
surface of pellet (axial direction)

Lumped model considers thermal resistance as formed by contact and conductive
resistance inside tank and evaluate them with mathematical formulation reported in
tab. 3.11:
Thermal contact is defined by proper empiric surface resistance (γ) and the area (A)
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Table 3.11: Contact and conductive resistance mathematical formulation.[214] dmean is esti-
mated as (rpel let + rheater )/4, which identifies an average lateral surface of pellet.

Thermal resistance Mathematical formulation

Contact Rcont = γ
A

Conductive
Axial:Rcond =

d
4

Aλ

Radial:Rcond = ln( dmean
dheater

)

2πhλ

involved in thermal exchange, while h is the height of single pellet. Axial conductive
resistance of pellet is calculated for cylindrical coordinate at distance equals to a
quarter of height of pellet and radius equals to dmean because at this quote, tempera-
ture is assumed to be representative of whole material pelleted. So, effective thermal
resistance of tank can be expressed as eq.3.39,

Rth = 1
N

R1+R2+R5+R6+R7 + N
R3+R4

(3.39)

N is the number of layer considered into the tank. Consequently, temperature drops
can be expressed correlated to required flux of hydrogen, inserting it into eq.3.38:

∆T = RT HUH2 = RT H

( −−→wH2

P MH2
∆HH2

)
(3.40)

∆HH2 is the enthalpy of the sorption reaction which occurs into tank, while wH2 is the
mass flow of hydrogen come out or come in the tank. Finally, estimated temperature
inside tank can be assumed to be asTmean = TH −∆T , with T0, constant temperature
of surface heater.
Finally, Rth term represents an estimation of the thermal resistance of tank, and it can
be used as merit’s figure to distinguish different investigated layout.

Pressure modeling Mathematical representation of D(P ) has to be identify in a proper
kinetics analysis. In this case we adopt a general linear normalized relation for ab-
sorption case, but it is possible to include a parabolic or other type of mathematical
relations,

D(P ) = P −Peq , (3.41)

while for desorption case,

D(P ) = Peq −P, (3.42)
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where Peq is the equilibrium pressure of material, estimated by enthalpy and entropy
of material through Van’t Hoff relation, P0exp( ∆H

RTe f f
−∆S

R ), at Te f f , where P0 is 0.1 MPa.

In hydrogen sorption phenomena, pressure is the real driving force of the process
of absorption and desorption reaction of metal hydrides. As for temperature, little
variation of this value can strongly affect kinetics of material. In metal hydride, a low
gas permeability due to too high compression or very low porosity of pellets can raise
diffusive resistance phenomena inside itself material. Consequently, an elevate gap
between external, Pex , and internal pressure Pe f f of pellet can strongly impact on the
reaction kinetics.
As for temperature, an efficacy pressure value is assumed into the pellet structure.
We assumed the value of Pe f f at dmean distance. Pressure is considered constant
long the axial direction of material because gas outlet/inlet is placed on the lateral
surface of pellet (right side of fig. 3.13). Aim of the lumped model is to estimate value
of pressure drop between external pressure (applied by outside of tank) and such
efficacy pressure. For this reason, pressure drop inside pellets is approximated with
Darcy’s law in porous media. Darcy’s expression (eq.3.43) correlates pressure drops to
flux intensity of a fluid, similar to the previous electrical case:

−−→vH2 =
Kp

η
∇P (3.43)

where Kp is the gas permeability of pellet (estimated by proper experimental charac-
terization) and η is the viscosity of fluid. Active material is considered as porous matrix
and gas diffusion works only long radial direction of pellet, gas diffusion between
borders of fin’s graphites is not considered. So, pressure resistance (3.44) is obtained
by expression of Darcy law for radial flux,

(Pex −Pe f f ) =−−→vH2 ·Rkp =−−→vH2 ·
l n dmean

r0
Bη

2πKp N h
(3.44)

r0 is the radius of pellet and B is the formation volume factor (represented by the ratio
between gas volume in standard and working conditions). Finally, it is possible to
estimate a efficacy pressure (eq.3.45) into the material,

Pe f f = Pex +Rkp
−−→vH2 (3.45)

Once to have estimate efficacy values of temperature and pressure inside tank, it is
possible to estimate speed of reaction. So, lumped model can evaluate performance
and situation of tank at every moment. For instance, it is possible to value final
reaction fraction for a tank with a defined inner geometry (Rth and Rkp ) when it
achieves a chosen external pressure, and vice versa.
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3.4.4 Results

Lumped model has been compared with simulations performed on the same tank’s
layout by macro model, previously developed in ™Comsol software with FEM ap-
proach. Macro model has been already validated in previous part of this document,
moreover it is widely claimed as a robust and reliable tool for the modeling and opti-
mization of hydrogen storage tank.[205, 211, 215] Lumped model was compiled on
™EES software an equation-solving program that can numerically solve thousands of
coupled non-linear algebraic.

In the next part of document the results of lumped modeling simulation on a certain
tank’s layout are compared with numerical output of macro modeling obtained by
FEM approach (Comsol). EES software hereby used doesn’t performs time dependent
study on lumped modeling, for this reason, the physical variable as mean temperature,
and mean pressure inside and external to the pellet are compared for a specific value
of θ. In order to demonstrate the feasibility of lumped modeling as alternative tool for
the optimization of tank’s design, several simualtion are performed on modified tank’s
layout, compared with more reliable FEM modeling. In particular, we investigated on
the variation of tank’s performance, with different radius and height of pellets.

Geometry and boundary condition

Simulated geometry of tank is reported in fig. 3.14. Tank is composed by a series of
alternating layer of pellets and high thermal conductivity fin (graphite). Both model
(lumped and macro) adopt the same material’s and system parameters, reported in
tab. 3.10. Tank is considered as composed by cylindrical volume filled by an alternate
series of fins and pellet of active material, in this case magnesium hydride addicted
with 10% of graphite. In this configuration, heat flux goes from the discs’ center
to the external side (heater is placed in the middle of tank) from a proper heater
element, while hydrogen can diffuse through the lateral face of any pellets (black
arrows in fig. 3.14). Hydrogen diffusion in the fins-pellets borders is not considered.
Comsol software adopts a reduced geometry, exploiting the symmetry present in
the investigated layout. Numerical simulations take in consideration only hydrogen
desorption case, assuming no variation in the volume of pellets. Investigation are
performed considering a constant hydrogen flow extracted by the tank. We assume
that a proper thermostat device is equipped in the system, which maintain center of
tank’s layout at constant temperature.
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3.4. Lumped model

Figure 3.14: Tank layout and geometry used to compare the performance of results of lumped
model respect to macro one. Highlighted region is the reduced domain simulated in Comsol
software by FEM for symmetry reason.

Comparison of performance

Firstly, tank’s layouts with different radius of pellet but constant volume of material
(M g H2)have been investigated.

Fig. fig. 3.15 reported the comparison of: pressure of hydrogen inside tank, (a),

(a) Mean External pressure. (b) Mean Temperature.

Figure 3.15: Comparison of main physical variable (pressure and temperature) simulated by
lumped model on EES solver, and macro model on multiphisics software (FEM approach) for
different radius of pellets.

and mean temperature of materials, (b), extrapolated at θ = 0.85 in the last part of
sorption phenomena by numerical simulation performed on macro model (Comsol)
and Lumped one (EES). Hydrogen flow was fixed at 2.5 g/min of hydrogen, on a total
mass of 10 kg of pelleted M g H2 (7.1 % of gravimetric density), distributed initially in
16 pellet with size of 15 cm of radius and 1.5 cm of height. Heater temperature was
imposed at 600 K.
Results of the two modelling were quite similar. Temperature profiles obtained by
lumped modeling, (b), was in agreement with macro modeling results performed
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with FEM approach. For layout with bigger radius, temperature estimated by two
modelling tended to coincide, while for smaller radius’s layout, it diverged. This was
probably caused by the increment of pellet’s radius, which contributed to approach
more the assumption of lumped model about efficacy temperature. Indeed, bigger
radius-layout meant bigger contact surface between pellet and fin so, with a enhance-
ment of thermal homogeneity in the material’s domain. In this condition, the spread
of temperature in the pellets was very narrow and the mean value approached the
effective one, Te f f . Otherwise, smaller radius tended to increase the spread of tem-
perature inside of pellet, shifting away from the assumption of lumped model.
About pressure, it is interesting to note as also lumped model revealed the identical
behaviour identified by Macro modeling. As revealed by analysis on Rth and Rkp

(a) Estimation of thermal resistance Rth . (b) Estimation of gas diffusivity resistance Rkp .

Figure 3.16: Thermal and gas diffusion resistance estimated by lumped model for different
radius of pellets

terms (fig. 3.16), thermal resistance of tank decreased for layout with bigger radius
for the reason exposed before. However for the same logic, gas diffusion resistance
increased due to the stretch of gas’ path. Consequently, external pressure dropped
down, fig. 3.15(a), in order to maintain the constant flow of gas, increasing ∆P term.

Second investigation regarded the impact of pellet’s heights on hydrogen storage tank.
Some simulation were conducted on the same layout, previously described, changing
the height of pellets but maintaining the identical volume of active material.

Fig. 3.17 reported the study conducted on tank layout reported in fig. 3.14 with
different pellet’s height. Performance of tank can be resumed in the value of external
pressure at constant θ. High value of external pressure meant that hydrogen storage
system was able to supply a continuous hydrogen flow for more time and so it was
more performant. In the investigated case, the increment of pellet’s height increased
the thermal resistance correlated to the tank’s design, reducing the capacity of ther-
mosetting the pellets which iwass not more capable to reach high desorption kinetics
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(a) Mean External pressure. (b) Mean Temperature.

Figure 3.17: Comparison of main physical variable (pressure and temperature) simulated by
lumped model on EES solver and macro model on multiphisics software (FEM approach) for
different heights of pellets.

and pressure. This can explained the deteriorations of performance for thicker pellet
design, resumed in the reduction of external pressure.
In this case, the discrepancies between numerical simulation performed with FEM
approach and lumped model (fig. 3.17) were bigger than previous case. This was
probably due to the shift away from the assumption of lumped model where mean
pressure and temperature were estimated to be constant in axial directions.
Also here, analysis on Rth and Rkp terms reported in fig.3.18 supports such consid-
erations. Variations of pellet’s height had no considerable impacts on gas diffusion

(a) Estimation of thermal resistance Rth . (b) Estimation of gas diffusivity resistance Rkp .

Figure 3.18: Thermal and gas diffusion resistance estimated by lumped model for different
height of pellets

resistance. Indeed, Rkp values was almost constant in the investigated layouts, fig.
3.18(b). On the contrary, Rth strongly affected performance of tank when pellet design
with higher thick were studied. This can be explained considering the stretching of
thermal path caused by increment of thick of pellet, which contributed to a poor ther-
mal diffusion and so, to a considerable lack of performance tank (in term of external
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pressure and time working).

It was demonstrate as lumped model, hereby developed, is able to describe with a
good approximation the results obtained by more complicated but reliable numerical
simulations performed by powerful software ( as Comsol, Fluent, etc..). Model has
been developed to support the realization of hydrogen storage tank, to supply main
guidelines for its development and for a preliminary analysis of performance. More-
over, it can be applied on more complex geometry (i.e. with more heater elements),
identifying layout’s symmetry.

3.5 Conclusion

In this section, it is reported the summary of the physical model to describe the
hydrogen storage in generic HSM. The main goal achieved are:

• Novel kinetics model has been developed (Limited NG model), based on the
most general nucleation and growth approach, to describe and explain sorption
phenomena in HSM. Limiting growth NG model were successfully applied to
describe absorption phenomena on Mg base material.

• A complete mapping of kinetics mechanism of hydrogen absorption and des-
orption phenomena were realized in the investigated range of pressure and
temperature. Extrapolated kinetics parameters as apparent activation energy
agree with literature data, validating the kinetics model here presented.

• A macro model for the description of complete hydrogen storage tank has been
realized on the base of micro kinetics modeling developed on Mg-based mate-
rial. Macro model includes thermal and gas diffusion phenomena in the inner
structures of tank (fins and pellets) coupled with sorption kinetics of HSM. Ab-
sorption and desorption kinetics reactions were modelled on the base of the
results of kinetics analysis performed in the previous section on Mg materials,
which includes temperature and pressure dependence of sorption rate. Sorption
data on absorption and desorption processes have been compared between
a real experimental set up and numerical simulation performed on identical
tank’s geometry replicated in ™COMSOL software at the same initial conditions.
Numerical results are in agreement with experimental data however reporting
a strong discrepancies about metal hydride bed’s temperature in desorption
ans absorption case. This could be probably due to a several factors: firstly a
changing in the thermal contact proprieties of magnesium’s pellets (properly for
desorption process where pellets involves in a volume reduction) and secondly
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to a possible incorrect position of temperature’s probe in the simulation data.

Macro model, hereby exposed, has been developed and applied within EDEN project.
The EDEN project addressed successfully the development of a new storage material
with high hydrogen storage capacity, loaded into a specifically designed storage tank
managed in real-time and integrated into a complete power conversion system (PCS)
for stationary applications and at support of distributed grid level applications.
In this context, macro model was applied for the optimization of hydrogen storage
tank’s layout, based on Mg material developed within EDEN project. Any inner com-
ponents of tank’s design have been optimized in order to maximize hydrogen sorption
rate, reducing temperature gaps between thermostat elements and the active mate-
rial’s pellets, as well as to guarantee a sufficient hydrogen permeability in the porous
structure of fins and pellets (fig. 3.19). A proper geometry of tank, including distribu-
tion of pellet was optimized by several numerical simulations in order to increase the
probability of a one shot-one strike approach for the prototype construction, and to
reduce the back-and-forward resource consuming empirical approach.
Hydrogen storage tank were realized within EDEN project based on the design/lay-

Figure 3.19: Optimization of tank’s layout for hydrogen storage application must keep in
consideration several issues as thermal and gas diffusion in inner structure of tank, distribution
and stacking of pellets.

out identified by numerical optimization. Then, tank was implemented in the PCS’s
prototype, encountering the needed characteristic of system in terms of working

125



Chapter 3. Mathematical modeling of kinetics in hydrogen storage materials

temperature and hydrogen absorption and desorption rate, and contributing to the
successful of the project.

(a) EDEN’s team. (b) P2P prototype.

Figure 3.20: In (a), overall EDEN team with the first prototipe of hydrogen storage tank based
on numerical optimizations conducted on macro model hereby presented. In (a), the whole
PCS prototype. It is possible to note the reversible solid oxide fuel cell on the left, and the huge
version of hydrogen storage tank incorporated in the structrue of prototype.

• Lumped model, hereby developed, was able to describe with a good approxi-
mation the results from more complicated and reliable numerical simulations
performed by FEM software ( as Comsol, Fluent, etc..). Model has been de-
veloped to help the realization of hydrogen storage tank, and in particular, to
supply main guidelines for its development. Results from lumped tool were
compared with previously illustrated macro modelling solved by FEM software
(Comsol Multyphysics) with the same parameters, initial constraints and sys-
tem’s geometry. Final output are in agreement with more detailed and reliable
results of FEM’s numerical simulation. Two macro parameters (Rth anf Rkp )
were identified as merit’s figure for a preliminary estimation of tank design’s
goodness.
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Abstract

Hydrogen storage applications require reversible material able to ab-
sorb and release hydrogen rapidly. In this context, magnesium hydride is
considered as one of the possible solutions to successfully store big quan-
tity oh hydrogen in systems with relative high gravimetric and volumetric
density. However, the use of M g H2 has to face many limitations as high
thermodynamics stability The consequence is to have high working tem-
perature and a slow kinetic of absorption and desorption. In last years,
many researches focus their efforts to improve thermodynamic and kinetic
limitations correlated to magnesium hydride. Among them, the intro-
duction of proper metal oxides has revealed a strong catalyst’s behaviour,
improving kinetic performance of pure magnesium. In this work, it is
presented a Mg-based material where N b2O5 catalyst is directly deposited
on the powder’s surface, approaching two targets: to introduce extremely
small amount of expensive catalyst and placed it directly on the surface
of magnesium where it is possible to exploit its maximum contribution
in terms of reaction kinetic. The improved material has been compared
with the no catalysed samples. Catalyst has a great effect on absorption
reaction, reducing its apparent activation energy, moreover, the increment
of kinetic rate can be also attribute to the physical introduction of catalyst
which acts as multiple nucleation seed. The deposition of N b2O5 impact
even on the desorption reaction. However, it doesn’t change its apparent
activation energy. It impacts indeed on desorption phenomena increasing
the available nucleation seeds for the growth of transformed phase, such
as the absorption case.



4.1. Introduction

4.1 Introduction

Nowadays, magnesium hydride is one the most prominent materials for hydrogen
storage application due to the high theoretical gravimetric capacity (7.6 %), volumetric
density (110 g/l) as well as the relative cheaper cost[216]. Hydrogen sorption reaction
in Mg material involves in a phase transition from ionic M g H2 lattice to hcp metal
structure of Mg, and viceversa, with the evolution or absorption of hydrogen gas at
characteristic equilibrium pressure, Peq , function of the temperature. There are two
main limitations for the industrial and commercial application of Mg-based hydro-
gen storage system. Firstly, despite of hydrogen-magnesium reaction occurs even
at low pressure and temperature condition, it requires elevate temperature (excess
of 300·C ) in order to achieve appreciable working pressure (0.1 MPa), due to elevate
thermodynamics stability (∆H = 75 kJ/mol and ∆S=133 J/(K ·mol )). The second
bottleneck regards the slow kinetic of hydriding and dehydriding reaction, which are
ascribed to several reasons: the extremely low conductibility of hydride bed when it
is incorporated into proper storage tank [118, 120], the low diffusion coefficient for
hydrogen into magnesium hydride, the formation of oxide layer on the surface of Mg
particles and the low H2 dissociation rate at magnesium’s surface.[217–219].
In the last years, many journal papers have reported several methodology to improve
hydrogen sorption kinetic and thermodynamics proprieties of magnesium based
material. Principally, we can divide all them in three distinctive approaches: destabi-
lization of Mg-H system, addiction of catalyst and reduction of size of Mg crystal.
Thermodynamics destabilization of H-Mg system aims to introduce in Mg lattice
different elements [220, 221], compound or structural defects to form new alloy or
solid phases, with the scope to significantly reduce hydrogen bounding enthalpy, or
intermediate state leading to multiple-plateau system. Scientific literature reports
several study on this topic, where group IV (Si-Ge-Sn [222–224]) and transition ele-
ments (Ni-Cu-Co-Fe [222, 225]) are used to form inter-metallic phase and alloys with
improved performance. However, the introduction of heavier elements in consider-
able concentration respect to Mg reduces hydrogen storage capacity of materials.

Secondly, the shrinking of the Mg crystal size is a procedure widelu used to reduce
the hydrogen diffusion path in the metal and hydride lattice. Hydrogen atoms diffuse
quickly in the grain boundaries and through the defects of the crystal’s domain while
they diffuse slower in the metal lattice. Here, ball milling is one of the most widely pro-
cess to obtain material with more favourable kinetic for hydrogen storage application.
Magnesium powder is placed in a rotating cylinder or conical mill with a constant flow
of inert grinding media. The collisions between the grinding media and the metal
cause fracturing particles thus reducing the particle size, creating defects, cracks and
fresh surfaces.[34, 226]
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Addiction of graphite is another widely approach to increase kinetic and processability
of hydrogen storage materials. As reported by Huang et al. [227], graphite improves
desorption kinetic due to the interaction graphite-M g H2. Moreover, the use of carbon
additives during HEBM process have many advantages, not only as sorption prop-
erties enhancement, but even for heat dissipation and Mg particles covering, with
improvement on material cycling.

Last approach regards the improvement of kinetic proprieties introducing proper
catalysts, which enhances dramatically the kinetic of the system without affecting
substantially the gravimetric capacity of magnesium hydride. Catalyst acts on the
surface of the particles, supporting the dissociation of the hydrogen molecules and
leaving the atoms to diffuse in the metal lattice during absorption reaction. The
addition of transition metal oxides in small quantity (0.5-2 mol%) speeds up the
absorption and desorption reaction by several times, as demonstrated by Oelerich
et al. [24], Friedrichs et al. [228], Hanada et al. [229], Friedrichs et al. [230]. N b2O5

as catalyst is reported to be superior to all other investigated catalysts for hydrogen
sorption.[187, 231] Investigation on the nature of the oxide catalytic role reveals that
the catalytic activity is related to a specific propriety of the N b2O5 surface and corre-
lated to the amount of oxygen on the surface of material.[232]

Generally, N b2O5 catalyst is introduced during HEBM process, allowing a intimal pen-
etration of catalyst with the Mg particles for mechanism grinding. Barkhordarian et al.
[187], Friedrichs et al. [228], Hanada et al. [229], Friedrichs et al. [230], Barkhordarian
et al. [231], Zinsou et al. [233] reported a considerable catalyst’s concentration, around
0.05-0.5 % mole or more. At the same way, other works exposed kinetic improvement
on Mg thick films with catalyst deposition (in this case pure Nb metal) by means to
sputtering techniques [191, 193], with catalyst concentration about 5 %, estimated by
EDX technique.

Here, we foresees to bring novelty in catalytic activity in H2 sorption reaction by
adding catalyst material directly as a coating onto the surface of the Mg particles, in
order to fully exploit the catalyst surface properties. Physical methods for surface
modification, applied to powders, include ion beam implantation, arc plasma evap-
oration, ion beam assisted deposition and magnetron sputtering. Radio-frequency
magnetron sputtering has become one of the most widely used techniques for thin
film deposition, due to its versatility and ability to produce homogeneous coatings of
various materials (conductive, semi-conducting and insulator materials). Moreover,
in order to achieve a uniform coating of the powders, the powders must be moved
in the chamber to receive the evaporated atoms from the solid source (target) onto
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its overall surface. For this reason, a suitable particles motion technique must be
considered.

In this context, an innovative hydrogen storage material has been characterized. Ma-
terial was produced employing high energy ball milling (HEBM-High Energy Ball
Milling) process for magnesium based compounds production and physical vapour
deposition (PVD) for catalyst (N b2O5) addition. PVD techniques allows to achieve
two target of this work. Firstly, the deposition of an extremely small mass of catalyst
on Mg based material and secondly the direct deposition on the surface of active par-
ticles where N b2O5 have the biggest impact on the enhancement of kinetic sorption
mechanism. In this work, such material is presented and characterized in a range of
temperature between 573-633 K and between 0.01-1 MPa of hydrogen pressure. More-
over, a kinetic analysis tents to interpret the kinetic mechanism of sorption reaction
and its change with the introduction of catalyst.
In this part of thesis, kinetic performance of N b2O5 sputtered Mg based material is
reported. Firstly it is introduced the method followed, including materials used, char-
acterizing instrument and procedures. Finally, kinetic measurements and analysis on
investigated materials are shown with a proper discussion about the results.

4.2 Method

4.2.1 Material

Pure Magnesium material was purchased by Sigma Aldrich with 99.9 % purity and
analysed exclusively as reference material to compare increasing performance of
sputtered N b2O5 procedure. Magnesium based material was produced by MBN Nano-
materialia by means to proper patented HEBM process within the European project
EDEN (Seventh Framework Programme 2007-2013 for the Fuel Cells and Hydrogen
Joint Technology Initiative). Sample includes an relevant amount of graphite (7%),
with a theoretical hydrogen storage capacity of 7.1 %. BET analysis reports a surface
area of 19.7 m2/g .
A small aliquot (53.1 mg) of milled Mg material has been directly characterized while
a second sample (50.6 mg) has been treated in sputtering instrumentation. In the next
part of document, samples are indicate as: pure magnesium (Mg), milled graphite-Mg
material (Mg-C) and N b2O5 sputtered milled graphite Mg-sample (Mg-Nb).
Catalyst nano-layers deposition onto Mg powders surface were performed by means
of RF sputtering. A proper vibrating probe has been developed in order to expose all
surface of powder to the sputtering process. The vibrating sample holder is based on
the use of a piezoelectric device platform. The piezo-device was directly equipped
in the sputtering chamber. The device is controlled by a specific amplifier driven by
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a signal generator, which is able to produce different types of wave shapes, different
frequencies and amplitudes.
The transfer of magnesium powder under controlled atmosphere is an important
step to avoid atmospheric contamination before and after coating and potential self-
ignition of magnesium in contact with oxygen. In particular, it takes more importance
for thin film deposition and for extremely air-sensitive sample as Mg. For that purpose,
a compact vacuum tank was designed and built for the powder protected transfer.
The realization of vibrating sample holder, its optimization and the production of
sputtered catalyst layer were performed into the facility of FBK by PAM unit.
N b2O5 films were deposited by RF plasma sputtering of a 99.99 % purity niobium pen-
toxide target. The films were prepared using Argon gas at low pressure. The samples
were not externally heated.
The amount of catalyst deposited on the Mg-particles is extremely small. The maxi-
mum estimated concentration of catalyst N b2O5 is between 50-100 ppm w/w. This
value is an overestimation of deposited catalyst on magnesium sample, because it
doesn’t consider film’s porosity and spherical shape of powder’s particles, which nega-
tively impact on deposited layer’s growth rate.
Kinetic measurement were performed with Isochoric Differential apparatus (IDA),
exposed in the second chapter of this thesis. The high resolution of instrument allows
to contemporaneously characterize few tens mg of materials, performing a kinetic
characterization at quasi-isobaric condition (± 0.003 MPa).
Mg samples was loaded in a proper sample holder of IDA. Charging procedure was
conducted within Argon glow box to avoid air contact with the sample. Mg-samples
were degassed overnight at 633 K at 1-5 Pa directly connected to a proper free-oil
pump (scroll). Next, sample was activated with 10 fully cycle of hydrogen absorption
and desorption at 1 and 0.03 MPa, respectively. Hydrogen gas purity was 99.9999%.
kinetic and calibration operations were fully automatized by instrument’s software.

4.3 Results

Kinetic measurements were conducted at 633-597-573 K at proper hydrogen pressure
for absorption and desorption reaction. Hydrogen storage capacity was estimated by
volumetric techniques (reported in chapter 2 of this thesis). It resulted equals to (7.6
± 0.4) for Mg sample,(7.2 ± 0.4) for Mg-C sample and (7.1 ± 0.4) for Mg-Nb sample. In
the next plot, normalized hydrogen sorption values were reported and expressed as
reacted fraction θ (from 0 to 1), with an uncertainty of 0.05.
Sorption measure performed at 633 K reported hydrogen evolution during absorp-

tion and desorption reaction on Mg based materials. Speaking about absorption, fig.
fig. 4.1(a), pure magnesium sample achieved fully saturation state at more than 20000
s, while Mg-C sample approached reacted fraction value of θ = 0.98 at 2100 s and 4900
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(a) Absorption at 633 K.
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(b) Desorption at 633 K.
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(c) Absorption at 593 K.
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(d) Desorption at 593 K.
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(e) Absorption at 573 K.
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(f) Desorption at 573 K.

Figure 4.1: kinetic measurements on Mg, Mg-C and Mg-Nb samples. Study on Mg pure sample
is reported only at 633 K for the extremely low kinetic of non-treated material (green curve).
In absorption analysis ((a),(c),(e)), Mg-Nb sample are shown red/red-light color, while in
desorption analysis ((b),(d),(f)), they are shown in blue/blue-light colors. Measures on Mg-C
sample are reported in black/gray curve.

s for measurement performed at 1 and 0.8 MPa, respectively. Sample with sputtered
catalyst (Mg-Nb) achieves identical hydriding state at 740 s and 3000 s, demonstrating
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superior kinetic performance. Desorption study at the same temperature, fig. 4.1(b),
revealed a strongly increment in the hydrogen release rate by milled samples respect
to pure Mg. However, catalysed sample showed only slightly improvement on kinetic
proprieties compared to no catalysed one. In this case, the pure Mg sample achieves
a total conversion of θ = 0.98 in approximately 2200 s, while milled samples in 300 s
and 220 s for Mg-C and Mg-Nb samples. Catalysed and no milled materials differed
only for the last half part of reaction (θ > 0.5).
At 593 K, in absorption case (fig. 4.1(c)), Mg-C sample approached value of θ = 0.98 at
950 s and 1250 s at 1 and 0.7 MPa of hydrogen pressure, respectively. Catalysed sample
absorbed the identical quantity of H2 in 570 s and 890 s for the same pressure con-
ditions. In this case, the increment of kinetic performance due to the catalyst’s layer
seemed to be identical for the two measures. In Desorption case (fig. fig. 4.1(d)),the ex-
perimental data between Mg-C and Mg-Nb strongly differ edin function of hydrogen
pressure applied. At low driving force conditions (0.2 MPa) performance’s discrepancy
was strongly evident between catalysed (H2 desorption in 13000 s) and only milled
sample which didn’t approaches reacted fraction’s value of 0.98 in the scale time. How-
ever, such gap was dramatically reduced in low pressure measures (high driving force,
0.005 MPa), where Mg-C sample fully completed desorption reaction in 3600 s while
catalysed sample in 2200 s.
At 573 K, contribution of catalyst seemed to accelerate both sorption process. Absorp-
tion study, fig. 4.1(e), showed an improvement in kinetic rate of catalysed Mg sample.
Mg-C sample was fully hydrided in 1300 s and 1800 s at 1 and 0.7 MPa, respectively,
while catalysed sample totally reacted in 1000 s and 1200 at the same pressure con-
ditions. Also, in desorption case, fig. 4.1(f), catalyst impact was evident, improving
desorption reaction rate for measures performed at 0.03 and 0.05 MPa. In this case,
Mg-C sample approached a reacted fraction value of 0.98 in 13000 s and 15600 s at
0.03 and 0.05 MPa. At the same conditions, Mg-Nb desorbed the same amount of H2

in 7200 and 9200 s.
Considering kinetic measurements, we can confirmed as kinetic sorption was already
improved in only milled Mg-C sample compared to the pure Mg sample. However, the
introduction of N b2O5 on the particle’s surface further busted up sorption reaction,
as confirmed in literature [187, 231, 234]. It was interesting to note as catalyst effect
for all measures (fig. 4.1) played more relevant role at low driving force conditions,
where working pressure was closer to the equilibrium pressure of reaction both for
absorption and desorption phenomena.
From a first evaluation, the kinetic mechanism of H2 sorption reaction seemed to
be affected by the presence of catalyst, in particular for the high temperature char-
acterization. Indeed, it was possible to observe a variation in the curve’s profile of
absorption data between catalysed and non sample at 633 K (fig. 4.1(a)). In this case,
Mg-C sample showed a S-shape profile, proper of nucleation and growth kinetic mech-
anism, however, catalysed sample showed a different monotonic trend (fig. 4.1(a))
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more pertinent to a contracting volume or diffusive models.[113]
JKMA model was applied on characterization data of catalysed material. The scope
was to evaluate the kinetic sorption mechanism of catalysed materials and possible
variation respect to no catalysed sample at different temperature conditions. JMKA
model was widely applied to describe hydrogen kinetic sorption oh HSM [113]. JMKA
model, known also as Avrami model assumes that hydrogen sorption reaction involves
in three different process: nucleation on available site of product phase, growth of
nuclei and their impingement. Mathematically, it is formulated as,

θ = 1−e−(kt )n
, (4.1)

where θ is the reacted fraction, t is the time, k is the kinetic parameter while n is JMKA
coefficient. Nucleation and growth model theory assumes n = q +d/m, which repre-
sent: the growth dimensionality of nuclei’s growth (d), the type of growth control (m=1,
interface, m=2, diffusion) and finally, the type of nucleation process (instantaneous q
= 0, linear q=1 or auto-catalyst q>1). The description and fit’s procedure of NG model
are reported in the previous chapter of this thesis.
The results of JMAK model were reported in tab. 4.1 for all kinetic measures performed
on Mg-Nb sample. In Absorption study, nucleation and growth model fitted with very

Table 4.1: Fitting parameters extrapolated by data collected by Mg-Nb sample about JMKA
model, eq. (4.1).

ABSorption DESorption
T. [K] P. [MPa] n k[1/s] Adj. R2 . [MPa] n k[1/s] Adj. R2

633

1 1.04 6.22 ·10−3 0.9944 0.046 3.97 6.29 ·10−3 0.9986
0.9 1.04 4.72 ·10−3 0.9977 0.2 3.95 5.00 ·10−3 0.9986
0.8 0.91 1.78 ·10−3 0.9944 0.3 3.04 4.13 ·10−3 0.9980

- - - - 0.4 3.65 2.79 ·10−3 0.9983

593

1 0.94 6.91 ·10−3 0.9995 0.052 3.78 6.28 ·10−4 0.9982
0.9 0.94 6.13 ·10−3 0.9995 0.1 3.79 4.62 ·10−4 0.9982
0.8 1.00 5.21 ·10−3 0.9994 0.15 3.62 3.62 ·10−4 0.9979
0.7 1.03 4.03 ·10−3 0.9993 0.2 2.66 1.52 ·10−4 0.9970

573
1 1.02 3.82 ·10−3 0.9992 0.03 3.64 1.92 ·10−4 0.9981

0.8 1.05 3.05 ·10−3 0.9995 0.05 3.54 1.62 ·10−4 0.9989

553
1 1.00 1.80 ·10−3 0.9985 0.03 2.99 3.63 ·10−5 0.9990

0.8 1.07 1.76 ·10−3 0.9993 0.05 2.91 2.71 ·10−3 0.9983

well with kinetic data (Adj. R2 > 0.999), though to a lesser extent high temperature
absorption data (633 K). JMKA coefficient tended approximately to 1 for all absorption
measures. This can be interpreted as due to one dimensional growth of superficial
nuclei, instantaneously formed on the particle’s surface at the begin of reaction.
On the contrary, desorption cases seemed more complex. JKMA coefficients took a
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considerable spread of value between 2.66 and 4, identifying a different kinetic mech-
anism respect to the absorption case, analogously to the study performed on Mg-C
sample performed in previous chapter. Generally, high values of JMKA coefficient
identified simultaneous processes of nucleation (constant or branching) and multi
dimensional growth. Values of n greater than 3 could describe the phenomena of
continuous nucleation, where nuclei grow in three dimensional.
However, JMKA coefficients extrapolated by direct fitting could not represent the real
mechanism of kinetic sorption, but an average value, as discussed in the chapter
3 about micro modelling of HSM. For this reason, the local n-coefficients of Mg-C
and Mg-Nb sample evaluated by eq. 3.24 were compared in fig. 4.2. Even here, local
n-terms were expressed in function of proper reacted fraction in order to compare the
kinetic mechanism in relation to the progress of the hydriding or de-hydriding reac-
tion. Analysis on local JMKA coefficient revealed as catalyst affects even the kinetic
mechanism of reaction. Catalyst’s impact was particularity relevant at high tempera-
ture where the n-terms (fitted by JMKA model or local n) had the biggest discrepancies,
while it presented less or none significant for lower temperature process.
Considering absorption case (fig. 4.2(a)), the local n-terms were completely discordant
for the Mg-C and Mg-Nb samples. In no-catalysed sample, the JKMA coefficients
quickly achieved n=2, then it approached values equals to n=1 at high reacted fraction.
In similar way, catalysed sample approached n=2 for the identical value of reacted
fraction, however, n-terms rapidly decreased to 1 respect to Mg-C sample. The initial
raising trend of n-terms is not completely understood, it can be due to a incubation
process which delays the nuclei’s formation, or to an effect of instrumental measure-
ments or data’s conditioning. The low temperature measures,fig. 4.2(c) and fig. 4.2(e),
showed local JMKA coefficient very similar, with n-terms averagely equals to 1. How-
ever, even other kinetic model can be expressed by JMKA coefficient equals to the unit.
In particular, shrinking or contraction volume model (CV) assumes identical value at
the beginning of reaction.[113]. For this reason, an additional kinetic analysis were
performed at 553 K on Mg-Nb sample,fig. 4.2(a) and fig. 4.2(b), to investigate on the
prevalence of CV mechanism at the lower temperature.
Even at 553 K, local JMAK coefficient assumes value around 1, identifying the kinetic

mechanism of absorption process as the linear growth of a fixed number of superficial
nuclei or 3D-contracting volume. Last hypothesis is partially confirmed by fig. 4.3(c).
Here, absorption data (θ) obtained at 553-573-593 K and same pressure (1 MPa) are
linearised about 3D-shrinking volume model,(3.2), with following relation,

1− (1−θ)1/3 = kt (4.2)

In this way, absorption measures which followed 3D contracting volume are easily
recognised by linear dependence with time. So, the absorption reaction at 553 K can
be partially explained by contracting volume mechanism, while kinetic mechanism
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(a) Absorption at 633 K.
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(b) Desorption at 633 K.
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(c) Absorption at 593 K.
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(d) Desorption at 593 K.
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(e) Absorption at 573 K.
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(f) Desorption at 573 K.

Figure 4.2: In these plots, the investigation on local JMKA coefficient extrapolated by eq. eq.
avrami n local of absorption measures performed at 1 MPa and at 633 ((a)), 593 ((c)) and 573
K ((e)) and desorption one performed at 33 ((b)), 593 ((d)) and 573 K ((f)) for Mg-C and Mg-Nb
sample, are reported.

involved in increasing contribution of 1-dimensional growth of already formed nuclei
at higher temperature .
In desorption case (fig. 4.2(b)), Mg-C and Mg-Nb sample manifested the identical
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(a) Absorption at 553 K and 1 MPa.
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(b) Desorption at 553 K and 0.003 MPa.
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Figure 4.3: Kinetic characterization performed at 553 K on Mg-Nb. In (a) and (b), absorption
and desorption data are reported (black curves) with local JMAK coefficient (blue curves). In
(c), comparison of CV-3D model linearisation for kinetic absorption performed at 553-573-593
K at 1 MPa. Black curves are only for eye’s guide.

n-terms value up to θ = 0.4. Then, their n-values began to diverges. In Mg-C sample
n-terms decreased while in catalysed sample continued to raise up to value of 4.5 and
then decreased for higher value of reacted fraction. For low temperature measures,
JKMA coefficients were coincident for both catalysed and not sample.

Finally, driving force contribution and apparent energy of activation were extrapolated
by experimental data. A proper kinetic analysis was conducted on such data, similar
to the procedure followed in chapter 3 for Mg-C sample.
For absorption reaction, kinetic parameter (k) were extrapolated by nucleation and
growth model (JMAK equation, 4.1). However, fittings of high temperature characteri-
zations showed a poorer goodness respect to the other one (tab. 4.1). Indeed, they
showed a more relevant variation in local n-coefficient during the sorption process
(fig. 4.2(a)). For this reason, limited growth models, introduced in the previous section,
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were applied on such data.
As reported in fig. 4.4(a), surface limited NG model described very well the absorp-
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(a) Surface constraint. (Adj. R2 = 0.9963).
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(b) Surface and radius constraint,(Adj. R2 = 0.9998).

Figure 4.4: Kinetic model applied on high temperature absorption measurement of Mg-Nb
sample. In the plot, characterization obtained at 633 K and 1 MPa is reported and modelled by
only surface and surface+radius limited growth model. Blue line is the local JMAK extrapolated
by experimental data (black). Thick red lines are the local JMAK coefficient extrapolated by
fitting data.

tion data at high temperature. So, k-parameters can be extrapolated by such model
for HT measures, as demonstrated in previous chapter. It was interesting to note as
also limited NG model which includes the spatial constraint relative to the radius of
particles, reported in fig. 4.4(b), fitted more comprehensively the absorption reaction
also at high value of reacted fraction. This supports the interpretation of hydrogen
absorption reaction on Mg proposed by limited growth NG models.
The kinetic parameters (k) were successfully fitted with a parabolic relation,

p
P −√

Peq , where Peq is the equilibrium pressure of magnesium, estimated by Van’t Hoff
relation (fig. 4.5). The goodness of data fitting was evaluated by the highest value of R2

term (>0.995) compared to other driving force relation (reported in tab. 3.3). Next, the
pressure-corrected constant rates were plotted in the Arrhenius’s plot to extrapolated
apparent activation energy’s value.
Apparent activation energy for absorption phenomena has been estimated in (76 ±

5) kJ/mole with a temperature independent parameter (k0) equals to ln(7.1 ± 0.9) [1/s].

For desorption study, parabolic relation (
√

Peq −
p

P ) showed the best data’s fitting,
fig. 4.6(a). In the same way of absorption analysis, also apparent activation energy for
desorption reaction were calculated through Arrhenius’s plot, fig. 4.6(b). Apparent
activation energy extrapolated by desorption study is (127 ± 1) kJ/mole with k0 equals
to exp(18.7 ± 0.3) [1/s].
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Figure 4.5: The kinetic analysis on absorption data collected on Mg-Nb sample. In (a) linear
regression on pressure data are reported with proper driving force relation. In (b) linear fitting
of pressure corrected constant rate are plotted in Arrhenius plot.
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Figure 4.6: kinetic analysis on desorption data collected on Mg-Nb sample. In (a) linear
regression on pressure data are reported with proper driving force relation. In (b) linear fitting
of pressure corrected constant rate are plotted in Arrhenius plot.

4.3.1 Discussion

Catalyst improved the performance of hydrogen absorption and desorption reaction
on Mg sample, fig. 4.1, but it seemed to act in different way for the two reaction.
In absorption case, the presence of N b2O5 catalysed superficial reaction of dissoci-
ation of hydrogen [232], as result, apparent activation energy for catalysed sample
(76± 2 [J/mole]) was less than the no catalysed sample (90± 2 [J/mole]). However, this
didn’t explain the variation of kinetic mechanism for high temperature measurement
compared to the Mg-C case. A possible explanation can be correlated to the physical
presence of catalyst on the surface of material, that acted as additional nucleation’s
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seed, increasing the number of available nuclei where phase transition began. This
additional nuclei played a relevant role for measures at high temperature where nu-
cleation rate and available nuclei are less than low temperature conditions. [180]
The complete covering of powder’s surface can be associated at the approaching
of JMAK coefficient equals to 1, when reaction proceed only with one dimensional
growth (radial direction) to the core of particle. Considering the measures at 633 K,
this situation was achieved in Mg-C sample at high reacted fraction’s value (more than
θ > 0.9), fig. 4.2(a). At the contrary, catalysed sample reached n=1 for θ = 0.4-0.5. So,
assuming a isotropic growth velocity, it means that more nuclei were available on the
surface respect to no catalysed sample, which contributed to cover all surface in less
time.

For desorption case, it was possible to interpret kinetic performance’s improvement
as caused by a greater number of nucleation site, already available on the surface of
particles at the beginning of the reaction. Indeed, apparent activation energy was
basically identical for desorption process between Mg-Nb (127± 1 [J/mole]) and Mg-C
sample (133 ± 7 [J/mole]), and it can not explain the speeding up of desorption rate.
Such effect was particularity evident for low driving force measures (where external
hydrogen pressure approached the equilibrium pressure, Peq ). In fact, a decrement
of driving force increased the nucleation energetic barrier, which thus decreased
the nucleation rate as reported by Uchida et al. [156]. But, desorption reaction on
catalysed sample can rely on a higher number of nucleation’s seed due to the catalyst’s
layer, which speeded up the reaction.
However, desorption basic mechanism is not so fully understood. The variation of
local JMAK coefficients can be partially explained with the raising of a incubation
phenomenon but other factors can have considerable impact on desorption mecha-
nism. For this reason, hereby exposed description must be considered as a possible
interpretation of sorption phenomena, on the base of acquired data in the considered
range of pressure and temperature.

4.4 Conclusion

Kinetic measurements of catalysed magnesium based material, added of graphite and
produced by for high energy ball milling, were compared with identical no catalysed
sample. PVD techniques were used to deposit a thin layer of catalyst, N b2O5, on
the powder’s surface in order to achieve two target: reduction of used catalyst mass
(50-100 ppm w/w) and surface deposition where catalyst can exploit its maximum
effect. Catalysed sample shows clear increment of kinetic performance respect to no
catalysed sample both for hydrogen absorption and desorption reaction. Improve-
ment of absorption rate is attributed to the reduction of apparent activation energy
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acted by catalyst (76 kJ/mole) and to the increment of the number of available nuclei
on the surface of Mg-material probably due to the presence N b2O5’s layer. On the
contrary, desorption reaction doesn’t manifest any variation in apparent activation
energy. Its kinetics’s improvement can be attributed to the presence of catalyst on the
surface of material which behaves as additional nucleation’s centres.
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5 Conclusion

In this thesis the original results related to experimental and numerical research car-
ried out by the author, aimed at developing a reliable, flexible and validated methodol-
ogy to investigate the hydrogen sorption characteristic of potential HSM, for different
aspects: from the kinetics characterizations of active materials to the macro kinetics
modelling of hydrogen storage tank. The thesis is composed by three main chapters.
The main outcomes and future prospectives related to each chapter are considered
below defined with the 5 and ? symbols, respectively.

Chapter 2 presented a novel apparatus to characterize and improve measurement’s
accuracy of HSM.

5 A differential volumetric instrument was realized in FBK facility. All the compo-
nents of apparatus was designed to respond to a wide range of sorption reactions,
including small mass of sample materials or limited gas storage capacity. Proper
electronic control unit and managing software were developed within the re-
search activates as well as automatizing characterizing procedure as volume
calibration and measurements. Theoretical approach was initially validated with
proper null measurement.

5 Differential apparatus was validated for mild experimental condition (293-400
K and hydrogen pressure of 0.001-0.4 MPa) with Palladium as reference mate-
rial, and at high temperature experimental condition (573-633 K and hydrogen
pressure of 0.001-1 MPa) with Magnesium as reference material. Experimental
results (enthalpy and entropy of Pd-H and Mg-H reaction) are in good agreement
with literature data, confirming the goodness of experimental procedure in the
range of pressure and temperature investigated.

5 Differential layout showed a sensible reduction in the detection of sorbed gas,
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respect to classic Sievert one, estimated in 10 fold for low pressure (0.1 MPa)
measures and 3-fold at mid pressure (1 MPa) conditions. However, the major
advantage is ascribed to the reduced incident of temperature fluctuations during
sorption characterization also at high working temperature,

5 The comparison of measure’s uncertainties obtained by differential and classic
"Sievert" layout highlights as differential design of volumetric instrument fully
exploit equipped hardware (pressure and sensor transducers), where the only
improvement in accuracy could come from a better estimation of compressibility
factor. At the contrary, considering identical expansion and chamber volume’s
size, classic instrument is limited by the accuracy in calibration procedure and
absolute pressure sensors.

? The type of performed characterizations operated by IDA can be potentially ex-
tended with additional features. BET analysis and high pressure sorption mea-
surements (typically for the study of physisorption phenomena) will be imple-
mented. Instrument has been already tested for high pressure measures (10
MPa) with proper pressure transducers and sealing, while new cryogenic sample
holders are under realization to extended the investigated temperature’s range
to 77 K.

Chapter 3 reported the development of new kinetics model description of HSM,
applied on magnesium based material produced inside EDEN project. This chapter
includes the results of: microscopic kinetics modelling of Mg materials, macroscopic
kinetics model for hydrogen storage tank based on Mg material and a proposal lumped
model for a quick evaluation of design’s goodness of storage tank.

5 Novel kinetics models based on original JMKA theory (nucleation and growth
approach) were developed. These models, called limited growth NG model, kept
in consideration geometrical limitation to the growth of product’s nuclei in the
reacting phase of metal-hydride system.

5 Mg based material produced within European EDEN project has been analysed. A
micro kinetics modelling for a wide range of working temperature (573-633 K)
and pressure (0.01-1 MPa) was developed for such material, identifying kinetics
mechanism of reaction and main kinetics parameter (as the thermodynamics
contributions of the pressure and the apparent activation energies) for absorp-
tion and desorption reactions.

5 Hydrogen absorption process on Magnesium sample was identified with a nucle-
ation and growth model in the range of temperature between 633-573 K, while
contracting (shrinking) volume mechanism became more relevant for lower
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temperature than 573 K. Hydrogen pressure didn’t impact on the kinetics mecha-
nism but only on the kinetic rate. The hypothesis suggested in this work include:
at low temperature, a greater number of superficial nuclei were instantaneous
formed on the surface of magnesium particles, quickly forming a hydride layer
which uniformly penetrates into core’s particle, as described by shrinking vol-
ume model. On the contrary, a less number of superficial nuclei were present
at higher temperature, allowing the three-dimensionally growth of few nuclei,
only limited by the surface and volume of Mg particles. Absorption kinetics was
predicted quite well by limited growth model hereby proposed.

5 Hydrogen desorption process on Magnesium sample was identify with a nucleation
growth model for all investigated temperature. Desorption mechanism involves
the growth of nuclei which are continuously formed on the surface and in the
bulk of M g H2 particles. Temperature and pressure affect the JKMA coefficients
which take lower values for lower temperature and low driving force, while tend
to increase for higher temperature and high driving force.

5 Macroscopic modelling for hydrogen storage tank was developed on the base of
micro kinetics modelling previously reported, including heat and hydrogen dif-
fusion physical model. A dynamic validation of Mg-based tank was performed
with ™Comsol software against experimental data obtained by hydrogen storage
tank prototype. The measured data were based on absorption and desorption
process, involving heat transfer (enthalpy of reactions) and gas diffusion phe-
nomena. The Macro model was able to predict with a relative good accuracy the
measured data.

5 A lumped parameter model has been proposed as quick mathematical tool to
preliminary evaluate design’s goodness of hydrogen storage tank design. A
numerical validation on lumped model’s results was carried out against macro-
scopic model previously described. Lumped model results are in agreement with
simulated data. The presented simplified modelling approach allowed to build
a reliable simulation tool for predicting the performance of hydrogen storage
tank’s layout.

? Desorption process on Mg material is not already fully understood. Kinetics micro
model hereby proposed were not able to give a possible explanation about
variation of local JMKA coefficient during the hydrogen releasing phenomenon.
For this reason a further improvement is needed. A suggested route could be the
implementation in kinetic model of incubation phenomenon.

? Macro modelling of hydrogen storage tank reported a considerable discrepancy on
temperature data between numerical simulation and experimental system. In
this context, new experimental measures with multiple thermocouples (possibly
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inside graphite’s fins and pellet’s materials) could give more high quality data for
a complete validation of macro modelling.

Chapter 4 reported the kinetics analysis and characterization of novel catalysed mag-
nesium based material.

5 Mg based material catalysed by deposition layer of N b2O5 shows a strong incre-
ment in hydrogen sortpion kinetics both for absorption and desorption reaction.
This results is particular relevant in the light on the quantity of introduced
catalyst,50-100 ppm w/w, obtained by PVD technique.

5 Kinetics analysis reveals as hydrogen absorption reaction on catalysed magnesium
material is temperature dependent. It obeys at nucleation and growth model
for high temperature, while contribution of contracting volume model appears
greater at lower temperature than no-catalysed material. This can be ascribed
to a greater number of nucleation site respect to only Mg material. Moreover,
catalyst reduces the activation energy of absorption process.

5 Kinetics analysis for hydrogen desorption reaction shows an increment in the
kinetic rate. However, activation energy of desorption reaction in catalysed
sample is similar to no catalysed one. This support that increment of reaction
rate could be ascribed to a greater number of nucleation site.

? A further investigation may be necessary to explore the impact of different thick-
ness of deposited catalyst layers. Additional research’s activity may regard the
sputtering of other different metal oxides on Mg particles to investigate the
impact introduced by PVD procedure on HSM.
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Model for HSM

Geometrical model Geometrical models are generally known as shrinking models
for the characteristic geometric contraction of parent phase to the core of particle.
Basically, mathematical relations depends by geometry of crystal: sphere, cylinder,
plates, etc, as in fig.1. Taking in consideration spherical particles, geometric approach
considers the reacted fraction, θ as eq.1

θ =
4
3 nπρr 3

0 − 4
3 nπρ[r (t )]3

4
3 nπρr 3

0

=
(
1− r 3

r 3
0

)
(1)

where ρ is the density of parent phase, r0 is the radius of particles while r(t) is the
apparent radius at the time t of parent phase during the sorption process and n is
the number of particle involved in the sorption phenomenon. If we assume that
growth velocity of new phase is constant (k), it is possible to express r(t)=kt, and so
substituting in eq:1:

θ =
(
1− (kt )3

r 3
0

)
1− (1−θ)1/3 = k0t (2)

where k0 = k/r0. Eq.2 represents the mathematical relations for the contracting
volume model applied on a 3D spherical particles. Furthermore, we can express the
general mathematical form of shrinking model as:

1− (1−θ)1/d = kt (3)

where d depends by geometrical shape of particle and growth process.[113, 134, 235]

Diffusive model In homogeneous kinetics reaction reacting chemical species are
readily available for the transformation phase process; on the contrary, in heteroge-
neous reactions like in investigated solid state material, hydrogen must to permeate
the lattice structure of material in order to approach the reaction interface. In some
conditions, diffusion transport can limit the sorption kinetics, taking the role of limit-
ing kinetics mechanism.
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Figure 1: Example of geometrical contraction (shrinking) representation for different shape.
a)1D b)2D cylindrical c)3D spherical. Image from [113].

In last years, several models have been presented. In this appendix, three of the main
are reported.

Jander Model.
Jander model [136] considers diffusion controlled reaction, where growth rate de-
creases proportionally with the thickness of product layers (parabolic law). Mathe-
matical expression derives from the FIck’s law:

ρ
dr

d t
=−D

∆C

r0 − r
(4)

where, ∆C is the concentration of hydrogen in the growthing-phase, D id the diffusive
coefficient (temperature dependent), r0 and r are the initial and reduced radius at
time t. From Fick’s Law is possible to explicit a parabolic relation between reacted
fraction and time:

r (t )2 = k J t (5)

with k J , constant rate that resumes diffusive parameters (D∆C /r0ρ).Now, coupling
eq. 5 and 2 (for spherical geometry), it is possible to define the Jander eq for spherical
particles,

[1− (1−θ)1/3]2 = k J t (6)
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Unfortunately, Jander model introduces two considerable assumption: diffusion in-
terface is constant and volume of HSM is considered identical both for hydride and
metal phase.[113, 134, 235]

Ginstling-Brounshtein model [G-B]
In order to keep in consideration the variation of diffusion interface are, GB model
[137] elaborates eq.4 for spherical particles in,

ρ
dr

d t
=−D

∆Cro

(ro − r )r
(7)

Consequently, eq. 7 is elaborated as in the previous case to obtain:

1− 2

3
θ− (1−θ)2/3 = kGB t (8)

with kGB , constant rate that resumes diffusive parameters (2D∆C /r 2
0ρ) Also in this

case, variation of particle volume caused by phase transition is not kept in account.

Valensi-Carter model [VC]
Valensi-Carter model [236] introduces the variation of density between hydride and
metal form, in a diffusive controlled sorption reaction. VC model for spherical particle
is expressed as:

z − [1+ (z −1)θ]2/3 − (z −1)(1−θ)2/3

x −1
= kV C t (9)

where z is the density ratio between product phase and the parent one.

The last diffusive model mainly focuses on the interpretation of constant rate extrap-
olated from the applied diffusive model. Basically, Chou model [111, 141] expresses
k-terms as function of proper temperature and pressure contributions:

k = k0D(T )C (P )

D(T ) = D0e
−∆ED

RT

C (P ) = Kp (
p

P −
√

Peq )

(10)

D(T) is the diffusion coefficient and takes the form of Arrhenius equation, with a
proper activation energy for diffusion process.C(P) is the concentration gradient.
In most of the diffusive models, it is assumed as constant, and it can be expressed
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by Sievert’s law, C = kp
p

P , where P is the pressure of gas-phase while Peq is the
equilibrium pressure of hydrogen at a specific temperature. Validation of diffusive
methods generally involves to the estimation of diffusivity coefficient, specific for the
solid-phase where hydrogen diffuses. Diffusivity coefficient values are reported in
several articles (for Mg/M g H2 material [237–240])

Chemical order model In chemical order model, kinetics rate of hydrogen sorption
is function of already reacted fraction. It is possible to distinguish zero, first, sec-
ond or higher order of reaction, dependent by exponent of reacted fraction in the
mathematical relations of model, as reported in tab. 1.

dθ

d t
= K (1−θ)n (11)

Generally, 0-order model is applied to describe chemisorption phenomena. It exclu-
sively depend from available surface.[187]

Table 1: Resuming table with the main chemical order model, derived from eq.11.

Order Mathematical formulation

0 θ = kt
1 θ = 1−exp(kt )
2 θ = 1− 1

kt
... ...
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