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Marta Corno*, Eugenio Pinatel, PieroUgliengoand Marcello Baricco
Dip. ChimicaIFM, NIS Centre of Excellence and INSTM, University of Torino, Via P. Giuria7/9, 10125, Torino, Italy  *marta.corno@unito.it  

AIM OF THE WORK

COMPUTATIONAL STRATEGY AND DETAILS
CRYSTAL06

CRYSTAL06: R. Dovesi, V. R. Saunders, C. Roetti, R.
Orlando,C. M. Zicovich-Wilson, F. Pascale, B. Civalleri, K.
Doll, N. M. Harrison, I.J. Bush, Ph. 5Ω!ǊŎƻΣM. Llunell.
Dovesiet al., Rev. Comput. Chem. 21, 1 (2005)

Al: 85-11G(d)
H:  31G(p) 
F:  7-311G(d)

Mg:  8-511G(d)

Hamiltonian: DFT, GGA, Perdew-Burke-
Ernzerhof(PBE) Perdew et al., Phys. Rev. Lett. 77, 3865 (1996)
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CONCLUSIONS AND PERSPECTIVES

The idea: anion substitution in nanostructuredhigh capacity hydrogen 
storage materials to stabilize or destabilize unstable or stable, 
respectively, structures. The ground-breaking nature of the FLYHY project 
is therefore to prepare high capacity hydrogen storage materials with 
tunable thermodynamic properties.

@UNITO: E. Giamello, G. Spoto, 
S. Bordiga, E. Groppo, 
O. Zavorotynska, S. Livraghi

�9 The free energy of formation for mixed compounds turns out to be positive 

at room temperature, hindering the formation of a solid solution for both 

systems. For the Al case, this is  in agreement with experimental data by B. 

Hauback, M. Søerby and coworkers(IFE, Kjeller, Norway), who showed that 

addition of fluorides (NaF, AlF3, TiF3) during synthesis of alanegives unwanted 

side-reactions and little/no alane(neither pure nor fluorine substituted).

�9 Ab initio calculations of thermodynamic properties of pure hydrides and 

fluorides are in good agreement with assessed databases, suggesting to study 

other systems.

PlaneWaves

VASP: Georg Kresse, Martijn Marsmanand Jürgen
Furthmüller, ComputationalPhysics, Facultyof
Physics, UniversitätWien, Sensengasse8, A-1130 
Wien, Austria.

WORK IN PROGRESSADOPTED FOR ALL CALCULATIONS SHOWN

AlH3 (�Dphase, trigonal, sp.gr.R-3CH, �J��= 120°) AlF3 (trigonal, sp.gr.R-3CH, �J��= 120° )

EXPT. (1) CRYSTAL06 EXPT. (2) CRYSTAL06

a (Å) 4.431 4.335 4.931 5.036

c (Å) 11.774 11.796 12.446 12.649

Vol. (Å3) 200.2 192.0 262.0 277.8

Dens. (g/cm3) 1.493 1.557 3.193 3.012

Al-H(Å) 1.709 1.720 1.797 1.828

�0�����o�,3 (s)+ F2 (g) �W�0�����o�&3 (s)+ H2 (g)

CRYSTAL06 CALPHAD

�' H (kJ/molH2) -914.6 -999.3

�' S (J/molH2*K) -42.0 -47.8

�' G (kJ/molH2) -902.1 -965.2
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�~���X���D���Ç���Œ�U���W�X�����[���Œ���}�����v�����Z�X�����}�À���•�]�•���Á�]�š�Z�]�v���š�Z�������Z�z�^�d���>�����}���������o���•�•�]�(�]���•�����Ç���•�Ç�u�u���š�Œ�Ç�����o�o�����}�v�(�]�P�µ�Œ���š�]�}�v�•�X

(3) F. H. Ellinger, C. E. Holley Jr., B. B. McInteer, D. Pavone, R. M. Potter, E. Staritzkyand W. H. Zachariasen, JACS, 1955, 77, 2647-2648, ICSD 26624.
(4) G. Vidal-Valat, J.P. Vidal, C.M.E. Zeyenand K. Kurki-Suonio, ActaCrystB (24,1968-38,1982), ICSD 8121, R = 0.01.

(1) J.W. Turley, and H.W. Rinn, Inorg. Chem., 1969, 8 (1), 18-22, ICSD 15226, R = 0.026
(2) P. Daniel, A. Bulou, M. Rousseau, J. Nouet, Jl. Fourquet, M. Leblanc, R. Burriel Phase Trans., 1992, 38, 127-220, ICSD 68826, R = 0.026.

MgH2 (tetragonal, sp.gr.P42/ mnm, �J��= 90°) MgF2 (tetragonal, sp.gr.P42/ mnm, �J��= 90°)

EXPT. (3) CRYSTAL06 EXPT. (4) CRYSTAL06

a (Å) 4.517 4.447 4.628 4.695

c (Å) 3.021 2.954 3.045 3.111

Vol. (Å3) 61.623 58.416 65.219 68.588

Dens. (g/cm3) 1.401 1.478 3.156 3.001

Al-H(Å) 1.954 1.912 1.984 2.019

Mg
F

AB INITIO METHOD

SOLID SOLUTIONS: F substituesH, but which hydrogen to substitute? 
Are there symmetryequivalentsubstitutions, so to savecomputationalresources?

COMPUTATIONAL PARAMETERS REFINEMENT: 

Richer basis set for H : from polarised double-�]
(VDZP) to polarised triple-�] (VTZP) with or without 
an additional diffuse s-Gaussian function;

Hybrid funcionalB3LYP with smaller self-
interaction error compared to PBEto study the 
sensitivity of the results to the adopted functional.

Ab initio calculations have been performed to compute thermodynamic 
properties of selected high capacity hydrides and, particularly, to evaluate 
energy differences in enthalpy, entropy and free energy of the substitution 
reaction of H with F (FLYHY project).
The obtained values will be used within the CALPHADapproach to design 
phase diagrams, as well as given to experimentalists as a guide for 
materials syntheses and interpretation of their characterisationresults.

Fluorine SubstitutedHigh CapacityHydridesfor HydrogenStorageat Low 
WorkingTemperatures(coord. Dr.  Klaus Taube, GKSS Research Centre GeesthachtGmbH, Germany)

MgH2 (s)+   F2 (g) �W����MgF2 (s)+  H2 (g)

CALPHAD PBE1 PBE2 PBE3 PBE4 B3LYP4

�' H (kJ/molH2) -1048.5 -1008.6 -980.2 -975.3 -980.5 -1036.9

�' S (J/molH2*K) -45.6 -41.4 -43.4 -44.1 -44.3 -44.5

�' G (kJ/molH2) -1034.8 -990.1 -967.3 -962.2 -967.3 -1023.7

H/F SUBSTITUTIONS H/F SUBSTITUTIONS

Al2H5F1 �AAlH2.5F0.5

Al2H4F2 �AAlH2F (1) AlH2F (2) AlH2F (3)

1 Hsubst.: 6 configs
ALLEQUIVALENT

2 Hssubst.: 15configs
3 INEQUIVALENT CLASSES

Pure AlH3

3 Hssubst.: 20configs
3 INEQUIVALENT CLASSES

Al2H3F3 �AAlH1.5F1.5 (1) AlH1.5F1.5 (2) AlH1.5F1.5 (3)

Al

T=298K
P=1bar

HF

4 Hssubst.: 15configs(not shown, see2Hs subst. case)
3 INEQUIVALENT CLASSES

5 Hssubst.: 6 configs(not shown, see1H subst. case)
ALLEQUIVALENT

Pure AlF3 11 calculationsinsteadof 62!

(1-a)AlH3 + aAlF3 �W�����o�,3-3aF3a, T = 298 K
MIXING ENERGIES FOR  SOLID SOLUTIONS

(1-a) 
AlH3

a AlF3
mix�' H

(kJ/mol)
mix�' Stot
(J/molK)

mix�' Stherm
(J/molK)

mix�' Sconf
(J/molK)

mix�' G
(kJ/mol)

AlH2.5F0.5 5/6 1/6 11.0 6.8 -0.7 7.4 8.9

AlH2F (1) 2/3 1/3 14.4 8.0 0.5 7.4 12.0

AlH1.5F1.5 (1) 1/2 1/2 14.0 1.0 -1.9 2.9 13.7

AlHF2 (1) 1/3 2/3 12.8 10.2 2.7 7.4 9.8

AlH0.5F2.5 1/6 5/6 7.4 4.7 -2.7 7.4 6.0

THERMODYNAMIC 
PROPERTIES OF SOLID 

SOLUTIONS: 
MODELLING OF 

MIXED STRUCTURES, 
CLASSIFIED BY 
SYMMETRY

PHASE DIAGRAM PHASE DIAGRAM
Mg

HF

Pure MgH2

Pure MgF2

1 Hsubst.: 4 configs
ALLEQUIVALENT

MgH1.5F0.5

MgHF(1) MgHF(2) 

MgH0.5F1.5

2 Hssubst.: 6 configs
2 INEQUIVALENT CLASSES

3 Hssubst.: 4 configs
ALLEQUIVALENT

Entropic contributions considered are: 
Stherm = thermal entropy  and 
Sconfig = configurationalentropy 
(S = RlnW, W = number of symmetry 
equivalent configurations) 
so Stot = Stherm + Sconfig.

�9 Entropy modelling is under discussion because of the limited sized of the
present unit cells, a supercellapproach is currently being investigated.

HOW DO 
COMPUTATIONAL 
PARAMETERS 
INFLUENCE 
THERMODYNAMIC 
PROPERTIES?

(1-a) 
MgH2

a MgF2
mix�' H

(kJ/mol)
mix�' Stot

(J/molK)
mix�' Stherm

(J/molK)
mix�' Sconf

(J/molK)
mix�' G

(kJ/mol)

MgH1.5F0.5 3/4 1/4 3.6 11.9 0.3 11.5 0.05

MgHF (1) 1/2 1/2 4.4 6.7 0.9 5.8 2.42

MgH0.5F1.5 1/4 3/4 2.5 11.9 0.4 11.5 -1.06

4 calculations
insteadof 14!

AlF3 AlH3 

DIFFERENCE MAPS: CRYSTAL ELECTRON DENSITY 
AND SUPERPOSITION OF IONIC CHARGE DISTRIBUTIONS 

BASIS SETS:
1: H VDZP, F VDZP
2:  H VTZP,  F VDZP
3: H VTZP diff., F VDZP
4: H VTZP,  F TVZP

MIXING ENERGIES FOR SOLID SOLUTIONS
(1-a)MgH2 + aMgF2 �W���î�D�P�,2-2aF2a, T = 298 K

The CRYSTAL team
www.crystal.unito.it

In the phase description, the Gibbs 
energy of a component is a polinomial
function of temperature  and pressure:

Metallic pure components (i.e.Al and Mg): 
standard UNARY database from SGTE. 
H and Fpure components: assessed data from 
JANAF. 
Compounds: assessed data from JANAF.
Gas phase:  ideal solution phase with all 
possible gaseous species mentioned in JANAF.
Liquidsolution has been neglected.
Solid solutionby mixing pure hydrides and 
fluorides (ab initio values).

CALPHAD APPROACH
(FOR BOTH Al- AND Mg-BASED SYSTEMS)

Gm - Hm
SER= a + b·T+c·T·ln(T) + �G��i·T

i + RT·ln(1E-05·P)

FOR BOTH 
Al- AND 
Mg-BASED 
SYSTEMS

ENTROPY MODELLING


