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Novel Materials and Overall Storage

We have been studying solid state hydrogen storage and the different materials which can be
used for storage, among those we have studied the adsorption based materials and absorption
based materials. So, we have seen the metal hydrides as a representative example for
absorption based materials and there are many other materials which can also be used for

solid state hydrogen storage.

However, the entire field of solid state hydrogen storage is very vast and it is not possible to
cover all the materials. So, as such we have gone in depth on the metal hydrides rest of the
materials which can be used for solid state hydrogen storage, we will today very briefly touch

upon.

Now, one class of hydrogen storage materials which have recently received a lot of attention

globally is the high entropy alloys.
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High Entropy Alloys as a Hydrogen Storage Materials
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» In the recent year, high entropy alloys (HEAs) have been attracted the world-wide attention in the filed of hydrogen storage
due to their unique microstructure and extraordinary physical, chemical and mechanical properties.

» In 2004, Jien-Wei Yeh and Brian Cantor independently published the report/article on high entropy alloys and equi-atomi

multi component alloys, as well as a dependent publication by S. Ranganathan (2003) introduce these alloy globally.

» High entropy alloys also known as multi-principal element alloys (MPEAs) and complex concentrated alloys (CCAs).
DEFINITION:
» HEAs are mainly defined based upan the “composition” and “entropy (configurational)”.

+ Composition based definition: The alloy which is having at least five elements, and each of elements having the atomic
concentration between 5 to 35% is defined as HEAs.

Entropy based definition: If, the configurational entropy of alloy at a random state is greater than 1.5R, no matter if they are
single phase or multiphase at ambient temperature.
This can be express as : (AS,-,,,” > 1.5R), where R gas constant
If, 1.5R > AS¢yp 2 1R; medium entropy alloy and
@:_S‘f),,/-s R low entropy alloy (conventional or Traditional alloy)
Wi

Now, when we consider alloying it is a method a process to prepare materials in such a way

so that we can get alloys of desired properties as well as the improved performance.



Now, in this case generally a small amount of another material which is a secondary metal is
added to a primary material. But in case of high entropy alloys in last 15 years it has received
entirely new strategy of hydrogen alloying has been come up wherein, we can have multiple
elements all in high concentration acting as a principal element. And in that case, the

materials which are synthesized are known as high entropy alloys.

Now, this new strategy of alloying has given a multi dimensional compositional space to
tackle with a wide variety of opportunities and thus much has to be studied in this particular
class of materials. Now, it was by JW Yeh that he proposed that when multiple elements
either 5 or more than 5 they are combined in such a way that they have higher concentrations
they are combined in that case the configurational entropy of mixing it can overcome the

enthalpies of formation for the compounds.

And that can deter the formation of intermetallic. However, there are several exceptions to
the class of high entropy alloys, wherein the number of elements could be less than 5 or there
could be several phases which are being formed or there could be alloys which rather than
entropy stabilized they could be enthalpy stabilized. So, there are different exceptions

existing through the, this particular class of definition.

Now, if we broadly look at the definition of these high entropy alloys, these can be defined
based on composition as well as its configurational entropy. Now, if we look at the
composition which is based on definition these alloys should have at least 5 elements such
that each of these elements have an atomic concentration lying between 5 to 35 percent; then

they are called high entropy alloys.

If we look at the another definition which is based on the entropy, then it states that if the
configurational entropy of the alloy at a random state it is higher than 1.5R, it independent of
whether it is a single phase or multi phase at ambient temperature in that case the alloy

formed is known as a high entropy alloy.

It can be expressed as that the configurational entropy of mixing is greater than or equal to
1.5R where R is the gas constant for such alloys; however, if this configurational entropy, it
lies in a range of 1.5R to IR then the alloys are known as medium entropy alloys. And when
this value is less than or equal to R, then the alloys are low entropy alloys or the conventional

or traditional alloys.
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Phase Prediction Rules for HEAs

¥ Predicting and understanding microstructure

(1) Thermodynamic Parameters: Entropy of mixing (ASy,;, ), Enthalpy of mixing (AH,,;,) and Q Parameter
Entropy of mixing (8S,,):  ASmix = =R LiLy ¢ Ing

Enthalpy of mixing (8Hyy,): My, = TiLy i 40HAY i)
: By R M £ (Q21.1and § 5 6.6%, for a single phase solid

2 Parameter: n=-

solution)
(2) Atomic Size Difference:

N2
Atomic size difference (6): & = %I, ¢ \:l - 7‘) 3T = Xiey i 17 (629% amorphous; 6.6% < 6 S 9%; Multiphase, § < 6.6%; Single
Phase)

3) Valance Electron Concentration and Electronegativity difference:

(VEC < 6.87 BCCand VEC 2 8 FCC)
Values arbitrary and based on back-tested
pri ST T R . i
Electronegativity difference (y): by = \/ELQ -0 =Lk n correlations with little evidence of predictive
capability , other approaches but have limitations

Where, nis the number of components, R universal gas constant, AHAis the enthalpy of mixing for binary equi-atomic AB olloys, T, melting temperature,
¢, Cj are the concentration of the element i and j, similar r; and y; atomic radius and Pauling electronegativity for ith and jth component.

ﬁ% putational approach such as calculations of phase diagrams (CALPHAD), density functional theory (DFT), ab initio molecular

iihamics (AIMD) and etc. are also used to predict the phase of HEAs. Construct a phase stability map

Now, predicting and understanding the micro structure of these high entropy alloy is very
important and for that the phase stability of these alloys is being considered. And it is being
calculated using different approaches like the computational approach where the phase
diagrams are calculated using software’s CALPHAD either using density functional theory or

ab initio molecular dynamic studies.

And then all these are used to predict the phases present in HEA or phase present in HEA. So,
the approach that lies is a complete phase stability map is being drawn considering a series of
parameters like thermodynamic parameters entropy of mixing, enthalpy of mixing or the ratio
of these times temperature or the atomic size difference, valence electron concentration or the

electronegativity these all these parameters are calculated.

So, a phase stability map is found using different parameters then a range of values is being
defined for these parameters. And when the values lie above or below a certain range or value
in that case a particular phase is stable. However, these are the parameters which have been
well reported in literature, but these values have been find to be arbitrary. And these are
based on the back tested correlations and there is a little evidence of their predictive

capability. There are many other approaches to do that, but they have their own limitations.

So, there are conflicting literature studies which reports dependence on these parameters, at
the same time, there are some studies which have also reported that there are little evidences

of their predictive capabilities.
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SYNTHESIS/PREPARATION METHOD of HEA:

» The Fabrication of HEAs can be possible through the three routes:

(a) Solid Mixing: Mechanical alloying and etc.

(b) Liquid Mixing: Arc melting, Induction melting, laser engineered net shzping (LENS), laser melting and cladding, etc.
(c) Gas Mixing: Atomic layer deposition, pulse laser deposition, sputtering deposition and etc.

CHARACTERIZATIONS METHOD OF HEAs:
» Fabricated material are mainly characterized by the following of the techniques:
(a) Powder X-ray diffraction (P-XRD)

i )

(c) Energy dispersive X-ray Spectrascopy (EDS/EDX)
(d) Backscattered electron imaging (BSE)
(e) Neutron diffraction

PROPERTIES of HEAs:
» The diverse characteristics of HEAs is summarized as four “core effect”:
(1) High Entropy: due to the configurational entropy (thermodynamics)
(2) Severe Lattice Distortion: due to large deviation in atomic size of element (structure)
(3) Sluggish Diffusion: kinetic due to lattice distortion (kinetic)
(4) Cocktail )
HYDROGEN STORAGE PROPERTIES:
(@) Em;\lﬂeﬂ%ase BCC HEAS Tig 30V 55270 10Nbg y5Taq 1o display maximum kinetic hydrogen capacity(2.5 wt% at 33 bar and 373 K,U-Aloys Compd, 2020,

(b) TizrCrMnFeNi alloy mainly contains C14 Laves phase with small amount of cubic phase, and use without any activation for hydrogen

_ sorption measurements it is absorb and desorb 1.7 wt.% of hydrogen with very fast kinetic at room temperature. Scipta Materalia 178 (2020) :87-3%]
;@ Kinetics studies for quinary HEA Mg, 1o Tiy 39 V25 2 10 Nby 5 at 25 “Cand 25 bar of hydrogen pressure reached the maximum uptake 2.70
W% (1,72 H/M) within 1 minute.[Suipta Materiafia 192 (2021) 113699]

NPTEL

Now, there are different ways in which we can synthesize high entropy alloys, either it could
be by means of solid state mixing using mechanical alloying or it could be by means of liquid
state mixing, either they are melted through an arc melting route or using an induction

melting furnace.

Laser engineered net shaping or laser melting and cladding or it could be gas phase mixing
where it is deposited using atomic layer deposition or pulse layer deposition or sputtering
deposition or there could be other ways as well. These are well characterized, if we try to
categorize their properties then the diverse characteristics of the high entropy alloys some of
the high entropy alloys they have proven to have a very good properties chemical,

mechanical properties as against the even the conventional alloys.

However, they are diverse characteristics because of the variation in the compositions that
could be achieved the different phases that could be achieved this can be summarized in
terms of 4 core effects; like high entropy and this is because of the high configurational

entropy of mixing.

Severe lattice distortion that arises due to large deviation in the atomic size of the element.
Sluggish diffusion or this could be a cocktail effect that results into varied mechanical and
physical properties. Now, if we look at some of the examples of such high entropy alloys
which have been studied for hydrogen storage applications for their hydrogen storage

properties.



The example could be like the single phase BCC high entropy alloy
Ti0.3V0.25Zr0.1Nb0.25Ta0.1 and this alloy has been studied to display and it displayed
maximum kinetic hydrogen capacity of 2.5 weight percent at 33 bar pressure and 373 kelvin

it has shown very good kinetics.

Another high entropy alloy that has been studied is Ti-Zr-Cr-Mn-Fe-Ni and this alloy was
found to contain both C14 phase and a small amount of cubic phase as well. And this alloy
can be used without any requirement of activation. It was found that the absorption
desorption studies when it was carried out that it can take up 1.7 weight percent of hydrogen

and that too at very fast kinetics at room temperature.

Kinetic studies were also performed for a quinary high entropy alloy
Mg0.1Ti0.3V0.25Zr0.1Nb0.25 at 25 degree centigrade and 25 bar of hydrogen pressure and
that could show a maximum uptake of 2.7 weight percent which is 1.72 H/M and that was
very fast it was measured in a duration of 1 minute. So, these are some of the examples of

such alloys high entropy alloys.
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Complex Hydrides

* light-weight storage materials
* Cann't react directly with hydrogen to achieve reversibility
* Chemical form M(XH,),,
* High gravimetric and volumetric capacity
* Challenges because of both kinetic and thermodynamic limitations.
* Different classes: (B, N, Al, TM or C)
— Alanates
— Borohydrides
— Amides
— Imides
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Now, the another class of such materials which can be used for hydrogen storage are the
complex hydrides. Now, in the complex hydrides the hydrogen it is covalently bonded with

another metal or non metal and this forms an anion and then it is bonded with a metal cation.



So, these class of materials complex hydrides, so the difference between complex hydrides
and metal hydrides is metal hydrides they can be directly regenerated back or charged again
after discharging by exposing it to hydrogen at a certain temperature pressure conditions. But

complex hydrides they do not directly react with hydrogen to achieve reversibility.

At the same time complex hydrides they are formed up of lightweight elements, the major
disadvantage as we have seen in the metal hydrides was their poor gravimetric capacity. And
this was because, the elements that were used like the transition metals or other elements that
were used to form the metal hydrides or their alloys or solid solutions they were heavy; as

such that reduce the gravimetric capacity.

However, the elements which are used for making complex hydrides for synthesizing
complex hydrides or the elements which are present in the chemical formula of complex
hydrides these are lightweight. As such the gravimetric capacity of complex hydrides is

higher as well as the volumetric capacity.

So, when we talk about the gravimetric or volumetric capacities there are some of the
complex hydrides which can even give 13 weight percent or 16 weight percent and even 18
weight percent of hydrogen storage capacity and a higher volumetric capacity of even 150 kg

per meter cube.

So, their chemical formula in general can be represented as M(XH,),,. Now, here M is a
metal, X can be a metal or non metal and depending upon that whether it is a metal or
non-metal the bonding with hydrogen can be covalent or ionic covalent bonding. So, this
class of materials they have several advantages when it comes to capacity of storage of

hydrogen, but then there are several challenges as well.

So, the challenges are in terms of both kinetics and thermodynamic limitation they have a
sluggish kinetics at the same time the temperature at which they desorb hydrogen are
appreciably higher. The reversibility of these complex hydride is another major challenge. So,

most of these chemical hydrides are found to be irreversible.

So, the classes of complex hydrides that could be categorized into alanates, borohydrides,
amides or imides. Now, here in the element could be either boron this X could be either here
it could be Al, it could be boron, it could be nitrogen or even now the compounds which

having transition metal or carbon are known.
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Alanates

+ Sodium Alanate
NaAlH, > 1/3Na,AlH; + 2/3AI + H, (3.7wt% , 185°C)
NajAlH; € 3NaH +Al +3/2H, (1.9wt%, 230°C)
+ Lithium Alanate
3LiAIH, = Li;AlH; + 2A1 + 3H, (5.3wt%, 160-200°C)
Li;AlHg > 3LiH + Al +3/2H2  (2.65wt%)
+ Magnesium Alanate
Mg(AlH,), = MgH, + 2Al + 3H2 (7wt%, 110-200°C)
MgH2 - Mg + H2 (2.3wt%, 240-380°C)
2Al+ Mg = 1/2A13Mg2 + 1/2Al (400°C)
+ Potassium Alanate
3KAIH, - K;AIH, + 2Al + 3H,  (2.9wt%, 300°C)
KM, > 3KH + AL+ 3/2H,  (L4wt%, 340°C)
® IHIKH3/MH, bt %t30°C)

Now, these alanates, borohydrides, amides, imides they desorb hydrogen in sequence of
steps. In each step they release a certain amount of hydrogen. Now, let us take some of the
examples for example, sodium alanate, NaAIH®, it can it can give hydrogen at a temperature

of 185 degree centigrade releasing 1 mole of hydrogen and producing Na3AIH6 + 2/3 Al.

Now, this compound which is formed at 185 degree centigrade, Na3AIH6 can further give
another mole 3/2 mole of hydrogen producing NaH at 230 degree centigrade which is

approximately giving 1.9 weight percent.

However, if we want to get another hydrogen out of the NaH that will require very high
temperatures. Now, this particular class of complex hydride that is alanates has received a lot
of attention specially because, in 1974 Bogdanovic Et al, they found that sodium alanate it
can reversibly store hydrogen and it is reversible under milder conditions at when it is being

reacted with titanium salts.

So, that was the time when lot of interest was drawn in this particular class of compounds.
Now, the other example could be lithium alanate. So, lithium alanate, 3LiAlH4 can give
Li3AIH6 + 2 Al + 3H2 and this reaction occurs at a temperature of 160 to 200 degree
centigrade releasing 5.3 weight percent of hydrogen. This Li3AIH6 can further give 3/2 H2,

giving another 2.65 weight percent at a further higher temperature.



Similarly, the other compounds alanates like magnesium alanate, it can decompose to give
hydrogen in different steps, like it forms Mg(AlH4)2, it forms magnesium hydride at 110 to
200 degree centigrade that gives 7 weight percent. Similarly, this magnesium hydride can

further give hydrogen at 240 to 380 degree centigrade, 2.3 weight percent.

Similarly, potassium alanate, KAIH4 it can give hydrogen forming K3AIH6 releasing 2.9
weight percent of hydrogen at 300 degrees centigrade, the next step can give further

hydrogen 1.4 weight percent at 340 degrees centigrade.

(Refer Slide Time: 16:30)

Borohydrides

Sodium Borohydride

NaBH, + (2 + x)H,0 - 4H, + NaBO, - xH,0

Lithium borohydride

— LiBH,-LiBH,_, + (¢/2)H,: structural transition at 108°C.

— LiBH,_ - LiBH, + (1-¢/2)H,: first hydrogen peak starting at
200°C.

— LiBH,~>LiH+B+(1/2)H,: second peak at 453 °C.

— LiBH, + 2H,0 - LiBO, + 4H, (13.9wt%)

Magnesium borohydride

Mg(BH,), > MgH, + 2B + 3H,

MgH, > Mg +H, (535 - 800K, 13.7wt%)

B Calcium borohydride

V) Ca(BH,), > 2/3CaH, 4 336aB ML3H, (9.6wtH)

So, as we have seen that these complex hydrides release hydrogen in several steps and the
temperature of these options are usually higher. Similarly, the other well-known class of
complex hydrides is borohydrides. So, sodium borohydride it can either on thermolysis it can
give hydrogen or it can even react with water by hydrolysis root giving hydrogen and
forming borate. But this during hydrolysis the formation of borate this is a stable compound

and the reversibility is the major challenge.

Similarly, lithium borohydride can still give hydrogen at a higher temperature like 200
degrees centigrade or 453 degrees centigrade, this release of hydrogen in steps. Finally, it can
give 13.9 weight percent of hydrogen, but all these decompositions take place at a higher

temperature.



Similarly, magnesium borohydride it can give hydrogen 13.7 weight percent, but the there are
different steps involved and then the temperatures are like lying between 535 to 800 kelvin.

And calcium borohydride can give hydrogen approximately 9.6 weight percent.
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Strategies to tailor Complex hydrides

* Compositional alteration - substitution of anion and/or cation

* Formation of composite with other hydride, metalloid or
compound, or the coordination of neutral molecules to the
cation of complex hydrides

* introducing catalysts or additives to improve hydrogen sorption
kinetics

* Nanoconfinement via incorporating complex hydrides into
nanoporous host materials to improve or modify the kinetics
and/or thermodynamics.
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Now, as we have seen that this particular class of compounds they have higher desorption

temperatures, they have sluggish kinetics reversibility is a challenge.

Now, there have been several strategies to tailor the properties of these complex hydrides like
either the compositions can be varied and that can be done either by substitution of the anion
or cation or it can be at both the places anion and cation or formation of composites with
different hydrides can be considered or metalloid or it could be coordination with neutral

molecules to the cation in the complex hydrides.

There is a possibility of tailoring the properties by introducing catalysts or additives, so as to
improve the hydrogen absorption and desorption characteristics or kinetics. Another strategy
could be confinement of these incorporation of these complex hydride into nanostructures
into nanoporous host materials and that has also been found to improve or modify the kinetics
or thermodynamics or both for these complex hydrides; class of materials called complex

hydrides.
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Ammonia Borane
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Now, another class of compounds these are known as chemical hydrides like one of the
example being ammonia borane. Ammonia borane like complex hydrides can also react with
water producing hydrogen, here in again on reacting with water. It will give borates which are

more stable and it gets difficult to regenerate back and will require excess amount of water.

Now, if we compare the gravimetric capacity of these compounds like say for example,
ammonia borane as against the borohydrides, lithium borohydride or carbon nanotube or
liquid hydrogen, then the capacity is significantly higher for hydrogen storage when it is

considered in the compound ammonia borane; as compared to even liquid hydrogen.

So, there are two ways one we have seen is hydrolysis, another way could be that this
material undergoes thermolysis to produce hydrogen. Now, there are 3 hydrogen molecules
we can see 3 protic hydrogen, 3 hydridic hydrogen and in every step of decomposition it will

give rise to 1 mole of hydrogen.

So, the ideally the reaction scheme for thermolysis of hydrogen, heating the hydrogen heating
to get hydrogen-thermolysis is where ammonia borane, it is heated at temperatures of around
120 to 125 degree centigrade and it produces an oligomeric species that is poly aminoborane

and releasing 1 mole of hydrogen.

Further when it is heated to 175 degree centigrade, it will release another mole of hydrogen

forming poly aminoborane. Now, this is under ideal characteristic such reactions occur.



However, in actual practice there are several parallel reactions that can occur like three
ammonia borane molecules during thermolysis, they can react to form cyclic species like
borazine it can also result into cleavage of the bond of nitrogen and boron resulting into
ammonia and diborane formation and it is observed that the release of these borazine or
ammonia or diborane these are not desired or these are undesirable species which are

obtained along with hydrogen.

So, the research has been basically focused in this class of compounds towards suppressing
the formation of these unwanted species using different supports, using different nano
confinement methods, using different additives. So, that the release is basically hydrogen and

the amount of these unwanted gaseous product release is reduced.

At the same time, lot of studies have been carried out so as to get reversibility of these type of
materials and a certain percentage of reversibility has been achieved; however, that cycling is

not being achieved for a larger number of cycles.
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Hollow Glass Microspheres for hydrogen storage

Micron size high pressure storage containers, safe and can store for long durations.

Synthesized using flame spraying method using waste
laboratory glass frits
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Optimizations
Feed, particle size of feed, blowing agent and its concentration,
flow rate, metel loading

* Non Toxic
¢ Light weight

* Environmental friendly 1 H6M 200 10 123
* Low cost

«! Rausabla 2 | HGM with blowingagent | 200 | 10 23

* Durable 3 | 2wt % Mg loaded HGMs) 200 10 233

¢ High mechanical strength 1
*  High hydrogen mass density
; Safe - non explosive
= PRATIBHA SHARMA, IIT Bombay

2wt % Zn loaded HGMs 200 10 3.26

5 2wt % Co loaded HGMs 200 10 331

Another class of materials that could be used for hydrogen storage includes hollow glass

microspheres.

Now, we have studied the compressed state hydrogen storage wherein hydrogen is stored in
its molecular form inside the compressed pressurized vessels. Now, those were having a

certain dimension and volume, herein these are micron sized high pressure containers again



storing hydrogen in its molecular form such that it is safe to operate, it is safe to store and
then in this mode of storage they can be carried over a longer distances and can be stored for

a longer duration.

Now, these micron size hollow glass microspheres they can be synthesized through various
routes one of the route that can be used for synthesis is flame spraying method and there in
the different glass wares can be used of different compositions can be used so as to produce

these hollow glass microspheres.

So, these are spheres hollow inside and have several pores on their periphery. And that could
allow the hydrogen to get into subjected to a certain temperature and pressure condition.
Now, when these materials are synthesized various optimizations are being done in terms of
what will be the starting material, raw material what would be the particle size of the raw

material?

What would be the blowing agent that will give rise to pores in the walls of these hollow
glass microspheres? What would be the concentration of these the additional blowing agents?
What would be the flow rate correspondingly, we can have different metal loading so as to

improve the thermal conductivity of these hollow glass microspheres?

And these class of materials, they are interesting in the sense that they have been reported to
store hydrogen under like say the charging could be carried out at 200 degrees centigrade, 10
bar pressure and it has been reported that these can store to a capacity of say 3.31 weight

percent and this has been studied at IIT Bombay in our lab.

Since, these class of materials they are non-toxic, they are lighter in weight, they are
environmental friendly, low cost, reusable, durable. They have good mechanical strength,
high density of storage is possible and at the same time they are safe to operate with. So, as

such this forms an interesting class of materials for hydrogen storage.
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Now, in the solid state hydrogen storage part, we have seen a wide variety of materials which
can be used. Now, among these if we try to plot what is the capacity of storage in these
materials, against what is the desorption temperature at a pressure of say equilibrium pressure
of 1 bar; in that case, we can see that the class of materials ABS type of materials, they have a

lower gravimetric capacity at the same time they have a lower desorption temperature.

AB2 type of materials, they have a wide window of desorption temperatures and a relatively
lower gravimetric capacity compared to the magnesium based or complex hydrides; AB type
of materials again they have a certain desorption range of temperatures, but a lower

gravimetric capacity less than 2 weight percent.

Then we have class of compounds A2B type of compounds, we can see that they have
although have higher desorption temperatures. But a wide range of gravimetric storage
capacity can be obtained. Others among them comes A3B7 type of materials, magnesium

based alloys they have a very high desorption temperature, but a good gravimetric capacity.

And lastly, solid solutions and complex hydrides. So, solid solutions they have compared to
the other metal hydrides they have a higher gravimetric capacity and a lower desorption
temperature and finally, the class of compounds which are known as complex hydrides, they

have very high gravimetric capacity and a wide range of desorption temperatures.

So, this is all we have seen in the solid state hydrogen storage.
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Summary

* Different classes of solid state hydrogen storage materials
* HEA recent interest and not much studied

* Complex hydrides have challenges

* HGM have higher T and P of sorption
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To summarize we have seen the different classes of materials that can be used for solid state
hydrogen storage. We have seen a class of material today high entropy alloys that has been of

recent interest, but has not been studied very well so far.

Then complex hydrides this have been studied for past 60 years, but then there are several
challenges associated with their use for hydrogen storage like their unfavorable
thermodynamics kinetics, irreversibility are the major challenges. Hollow glass microspheres
they have sorption taking place at a higher temperature and pressure although they are very

promising.

Thank you.



