Hydrogen diffusion in MgH > doped with Ti, Mn and Fe

Vasil Koteski,*® Jelena Bel@evic-Cavor,® Katarina Batalovi 62, Jana Radakovi® and Ana Umicevic®

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

Incorporation of suitable dopants in Mghk widely investigated as the way of improving hydrogen ager characteristics of
this material. The catalytic role of transition metal dojgaon hydrogen desorption from MgHs very promising, but further
attention is required in order to optimize the experimentathods and design materials with desired properties. isnptper
we investigate the role of Ti, Fe, and Mn on the transport ertigs of hydrogen in Mgkl which are marked as limiting factor
in the effort to lower the hydrogen desorption temperatilieking into account the lattice relaxation around the intjas, we
consider a number of different diffusion paths in the puré doped system. Using PAW DFT calculations in combinatiotiwi
the NEB method, we demonstrate that the diffusion of the masvant positively charged hydrogen vacancy and nedgative
charged interstitial hydrogen atom is locally hinderedHty presence of the impurity atoms.

1 Introduction TM for hydrogen desorption from MGHsurface is shown to
be largé?. In addition, TM doping shows beneficial effects
MgH. attracts a lot of attention as one of the most practicalon the thermodynamical properties of small Mgélusterss.
solutions for on-board hydrogen storage, which is mainlg du Directly or indirectly, this is expected to lower the kirekiar-
to its high hydrogen capacity (gravimetric capacity 7.8wt. riers for hydrogen diffusion in the bulk. However, some
volumetric capacity 110 g t*) and low cost. The main ob-  puzzling observations remain, one of them being that upon
stacles for large scale applications remain the stabifithe  repeated hydrogen desorption/absorption (cycling) inedop
hydride and its poor kinetic properties. The rate of hydro-MgH,, the catalytic activity of TM dopants is often shown to
gen absorption and desorption in the material is relatilely  decline'®. Ball-miling also introduces structural defects, re-
which can be traced back to the slow diffusion of hydrogenduces crystalline size and induces microsttgitherefore en-
into the rutile crystal lattice of Mgkf. This, together with  hancing the diffusion of hydrogen in various ways. Firshpri
the stability of the Mg-H bond, translates into a relativieigh  ciples calculations are widely used to separate the roleibf b
temperature of desorption of around 40D at ambient pres-  milling ' and TM dopants in Mgk}, i.e., to address their ef-
sure?. fect on stability:"+'8 desorption of hydrogen from surfalée®
Considering MgH as the prototype material for reverse hy- and diffusion in the bulk®.
drogen storage, ways of tailoring the desired hydrogen stor The diffusion of hydrogen in rutile Mgkiwas studied by
age properties have been proposed. The multi-step protess P40 et all6. Hao et al?® have found that some dopants can
hydrogen absorption in magnesium is characterized by slowhit the position of the intrinsic Fermi level, therebyeaing
hydrogen sorption kinetics, and its mechanisms are widel¢he population of charged hydrogen defects of interestyer h
studied®. The present results point to the formation of a drogen desorption. Roy et &}.have studied the influence of
MgH:layer as the main reason for low absorption rate, givenrj Fe Co and Ni in their interstitial and substitutionaineo
that this layer blocks hydrogen diffusion and further hydro figurations on the Fermi level shift and concluded that, i th
gen uptake in the sample Improvements of the hydrogen interstitial configuration, these metals enhance the qunae
absorption/desorption kinetics is achieved through &mmy  tion of hydrogen related defects, while in the substitugion
the path for hydrogen diffusion (nanostructures, thin f)ims case, a shift of the Fermi energy is not expected. The impact
or by introducing suitable dopants which act as catay5ts of these dopants is realized via the position of the donor or
Transition metal (TM) dopants have been considered gooﬁcceptor levels in the band g&p
candidates capable of influencing the kinetics of hydrogena  However, as the concentration of dopants is increased, it
sorption and desorption as well as the stability of MgH s important to take into account the direct influence of ¢hes
They are usually incorporated by ball milling and serve @6 ce {ransition metals on the diffusion of relevant hydrogen de-
ters for hydride destabilizatidh. The catalytic activity of the  facts in their vicinity. Small migration barriers are detémed
for migration of hydrogen-related defects in rutile Mg,
while, to the best of our knowledge, the direct effect of sian
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tion metals on these barriers was not studied. In this work we
investigate the diffusion of hydrogen in Mghlioped with Ti,
Mn and Fe. Hydrogen diffusion in MgHs primarily caused o<t
by motion of charged defect§ therefore we inspect not only Z L
the motion of relevant neutral, but also the motion of chdrge
hydrogen vacancies (JJ and hydrogen interstitials (Hnear GC)
the dopant site. We find that the substitution of Ti, Mn, and — "8 [ i
Fe for Mg in the rutile structure of Mgkidoes not improve 2
the rates of diffusion of hydrogen related defects direciy, _8
the diffusion barriers of these defects in the immediate sur - e
roundings of the impurities are generally higher than theson & |
in pure MgH,. Our calculation shows that the studied tran- = 1.6 - T
sition metals tend to bind hydrogen rather strongly, and,thu
suppress its mobility. ! ! . . .
22 24 26

atomic number

2 Computational _ _ _
Fig. 1 (Color online) Calculated average TM-H bond lengths in the

. . . . first coordination sphere aroundufi Mnug and Feyg for different
Our computational approach is based on the density furadtion charge states of the impurity. The horizontal line denotes the

theory (DFT,)M and the p'rojector augmentgq-wavg (PAW) average Mg-H bond length in the pure system.
method, as implemented in the Vienna Ab initio Simulation

Package (VASPP25 We employed the PW91 generalized

gradient functiona’. 3 Lattice relaxation

MgH- crystallizes in the rutile structure. As a starting point
in our calculations, we relaxed the pure Mghit cell. The  The hydrogen atoms around Mg in pure Mghre approxi-
pure structure was relaxed by fitting the total energy of MgH mately arranged in an octahedral fashion. The first coordina
with cubic polynomials on a grid of (a, c) values. All inter- tion shell of Mg is composed out of 6 H atoms divided into
nal degrees of freedom, in the pure and supercell calcuktio two groups: two apical H atoms with Mg-H bonds of 184
were relaxed to the nearest local minimum by using the BFGSind four equatorial H atoms with Mg-H bonds of 1§)Qsee
LineSeach implementation of the Atomic Simulation Environ Fig. 3). Substitutional transition metals (TM) induce diff
ment (ASE) python interfa&)@é. The optimized lattice param- ent structural relaxations in MgH After metal replacement,
eters, a=4.5A and c=3.02A, are in good agreement with the the structures were fully relaxed. Upon substitution and re
experimental values (4.54 and 2.99A, respectivelyf®. The  gardless of charge state, we observe a shortening of althost a
internal parameter that defines the position of hydrogehént TM-H bonds as compared to the Mg-H bonds in the pure sys-
crystal structure was determined to be 0.304. tem. The resulting nearest neighbor TM-H distances fog;,Ti

Starting from the relaxed Mglstructure, we constructed a Mnyg and Feyg, averaged over the first coordination shell, are
71-atom 2x2x3 supercell in which one of the host Mg atomspresented in Fig. 1.
was replaced with the dopant. The reciprocal space was sam- The shortening of the TM-H bond lengths is most pro-
pled with a 4x4x4 k-points, using the tetrahedron methoéi wit nounced around the substitutional iron ion. Our calculated
Blochl correction®®. The calculations were spin polarized Fe-H distances compare well with those obtained in a Car-
with cut-off energy of 250 eV. The forces minimization cri- Parinello Molecular Dynamics study of iron in Mghtear the
terion was set to 0.02 eXX/ We used a convergence criterion MgH,-Mg interfacé’2. We also found a good agreement be-
of 1x10~* eV as the energy difference between two consecutween our calculated Fe-H and Ti-H distances and the ones
tive iterations. calculated by Paskaviamula et af®,

For the calculations of the activation barriers for diffu- The calculated lattice relaxation around Mn illustrates th
sion, we used the climbing image nudged elastic band (NEBheed of performing spin polarized calculations. Namelg, th
method!. Our NEB simulations were performed with 7 or lattice relaxation around Mn in its neutral state is mariedl
8 images interpolated along the diffusion paths and a springlifferent if the spin polarization is switched off, leaditmyan
constant of 0.02 eW. During the simulation, the forces act- average Mg-H bond length of only 1A and a total energy
ing on each of the atoms within the supercell were convergetiigher by 0.26 eV. In the correct, spin polarized case, Mniis i
to 0.03 eVA. For the NEB, we used the MDMin optimization its high spin state (S=5/2) and the lattice relaxation ofi\ine
algorithm as implemented in the ASE python code. H atoms gives significantly larger bond lengths 1.9A).
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In general, the shorter bond lengths imply that the NN hy-
drogen atoms are attracted more strongly by the impurity,
which, in turn, indicates that the mobility of hydrogen migh
be hindered with respect to the other parts of the crystal.

4 Defects formation energy

The formation energy of a defegtwith charge state was
calculated using the following relation:

Eform(l'q) = Etot(mq) - Etat(bUZk) - Z nz(,ufz - E:e'f)+

@)

Here,FE,,; is the total energy of the supercell containing the
defect,E;.: (bulk) is the total energy of the pure supercel], ;
is the number of atoms of typeadded or removed from the @
system,u; is the chemical potential of species of typand P
E; ¢/ is the reference energy calculated as energy per ato
of the corresponding bulk elemental phases. For hydrogenqc)
Eref is calculated as one half of the total energy of hydrogen@®
molecule. As it can be seen from the formula given above,c
Etorm is a function of the Fermi level positiorE;, within R
the band gapE; is referenced with respect to the top of the @
valence bandv,, whereadr, is a correction factor that aligns E
the electrostatic potential of the defect supercell witht tf o
the defect-free supercell. L

For hydrogen desorption in Mghl the system should be
modeled in the most relevant, hydrogen-poor conditions. In
that casepr,=0. Given that the stability of MgHimplies
AHngm, =gt 2 e, We also have g =1/2AH v g, , Where
AH 4, is the formation enthalpy of Mgk The calculated
MgH, formation enthalpy is 0.67 eV, which compares rela- . :
tively well with the experimental value of 0.79 &¥/ ° . 2 3 N

The formation energy of intrinsic point defects in MgH Fermi Level (eV)
und_e_r hydrogen-pqor_condlthns is calculated to dete_rmnae Fig. 2 (Color online) Formation energy of substitutional TM
position of the intrinsic Fermi level; the results are iIN@®r  gefects in MgH. The vertical dotted line represents the intrinsic
ment with earlier repoff. The intrinsic Fermi level, as deter- Eermi level.
mined from the charge neutrality of the lowest energy defect
(H vacancies), is 2.79 eV. Consequently, the formationggner
of Vj; and \} is 1.13 eV, while that of the neutral vacanc§ V
is 1.10 eV. Given that the formation energies ¢f M all three
charge states are close to each other, the concentratibesa t
defects is not expected to play an important role in the over-
all behavior. The activation energy for diffusion is, there,
the primary factor that determines the mobility of the vamyan
The formation energies of Hand H" are 1.35 and 1.86 eV,
respectively. In the following, we didn’t consider the nailit
interstitial hydrogen, B, because it is unstable (negative-U
center) with a relatively large formation energy of 2.73 eV.
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Fig. 4 (Color online) Migration energy as a function of defect
coordinates for Y diffusion in MgHs: left - along (£-2) in the

pure system; right - along the{34) path in the Fe doped MgH
Fig. 3 (Color online) (a) Schematic representation of various

diffusion paths in MgH: side view (left) and top view (right). (b)
Interstitial hydrogen atom in Mg unstable.
Our calculated diffusion barriers in the pure system are pre

, i L i sented in Table 1. We found that the kinetic barrier for migra
The energies of formation of substitutional Mn, Ti and Fe iy, of hydrogen vacancy is the lowest fog:\along (%-2).

are presented in Fig.2. It can be seen that all three impurir ;o V| is also found to be the most mobile vacancy defect
ties have positive-U character and we expect no shift of the, pure MgH, with a diffusion barrier of 0.39 eV. This result
intrinsic Fermi level upon doping with these transition aist compares very well to the migration barriers for diffusidn o
Since the TM impurities are stable in their neutral chargeest 5 37 oy (Ref®) and 0.38 eV (Ref?). On average, Y is the
in the following we are going to consider the kinetic profst ¢t mobile vacancy defect along all of the investigatefiidif
of intrinsic defects (H vacancies and interstitials) onishwe- ;4 paths. The diffusion barrier along-(4) is considerably
spect to the TM atoms in their neutral charge state. higher, which is not unexpected given the fact that the defec
is no longer attached to the original Mg atom.
; ; At inG i Negatively charged interstitial hydrogen; Hhas a diffu-

5 Diffusion activation energies in pure Mgh sion barrier of 0.16 eV along the central channel in (0,0i1) d
rection, which compares well to the barrier of 0.15 eV, as cal
culated by Hao et af®. H.", because of its tendency to make a
hydrogen molecule with the nearest hydrogen &fgmoesn’t
stay in the center of the interstitial channel and has soraewh
higher diffusion barrier of 0.29 eV. Interestingly, whem ks
brought closer to the nearest apical H atoms, we found a very
low diffusion barrier. In this configuration [(:4) in Table 1],
H;” pushes the nearest apical H atom away from its original
position into the direction of the adjacent interstitiabahel
and the resulting diffusion barrier is only 0.003 eV. This-di

acing of the nearest hydrogen atom is similar to the one no-
ticed by Hao et af° when considering diffusion in Mgkvia
concerted motions of defects.
" From Table 1 we see that on average, kends to have
smaller diffusion barriers thanHand therefore it is the most
mobile interstitial defect in pure MgH

Regarding the kinetic properties of MgHve first turn our
attention to diffusion of variously charged H-related dé$e
in the undoped system.

The activation energy for diffusion is calculated along-sev
eral different paths in the rutile crystal cell of MgHas de-
picted in Fig. 3. The path ¢:2) connects one of the four
equatorial hydrogen atoms with one of the two apical hydro
gen atoms. The path {24) connects two neighboring api-
cal H atoms. The path {23) is parallel to the (&+4) path
and connects two equatorial atoms. Along+2) and (2-3),
the hydrogen vacancy remains bonded to the same central
atom (A) at all times, while along &:4), the bond is broken
and the defect is transferred to the neighboring Mg atom (B)
The path (3-4) makes sense only when the central Mg atom
(A) is replaced with the impurity, in which case the bond be-
tween the defect and the dopant atom is also broken.

We have calculated two types of defects: hydrogen vacan-
cies W in their neutral, 1+ and 1- charge stateg)(W{,and 6 Diffusion activation energies in doped MgH
V) and hydrogen interstitials ;Hn their 1+ and 1- charge
states (K and H). The diffusion of interstitial hydrogen While the diffusion barriers for V in the pure system are
was considered along the channel in (0,0,1) direction (&ge F symmetric, the general feature of the diffusion barrierghi
3) but we also tried some of the directions parallel to thépat doped system is that they are asymmetric (Fig 4). That means
described above. This is partly due to the fact that intgatsH that the initial and final configuration for the majority ofes-
in some charge states (1+) builds a strong bond with the neatigated paths have different energies. As a result, thasldgh
est H atom (H molecule) and the tetrahedral interstiti@ st~ of Vy is easier either while arriving at or while leaving the
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Table 1 Calculated diffusion barriers (in V) along different diffusion in MgH, is probably small taking into consideration
diffusion paths in the vicinity of substitutional Ti, Mn, Fe and Mg their stability.

(pure Mghb). _The_numbers in parentheses represgnt the values in As indicated, in the pure system, negatively charged inter-
the reverse direction in the cases where the diffusion paths are stitial hydrogen, H , moves along the center of the interstitial
asymmetric. channel (Fig. 3 (b)). The presence of the impurity atom dis-
- rupts this movement and;His strongly attracted toward the
Defect Path Mg L Mn Fe raw of atoms where the impurity is located. Except for diffu-
Vi (1-2) 039 0.24(0.28) 0.33(0.35) 0.49(0.48bn of H~ beside Mn, which gives the same diffusion barrier
" (1—4) 0.78 0.50(1.08) 1.07(1.02) 0.38(0.983 in the pure Mgkl we found that the diffusion barriers close
Vi (2—3) 0.78 0.36 0.61 0.72 to the other two impurities are higher. The diffusion bamie
Vi, (3—4) 0.39 0.17(0.70) 0.95(0.85) 0.31(0.9&)e also much higher in all the other investigated direstion
= (1-2) 1.12 0.54(0.56) 0.19(0.17) 0.07(0.20)able 1). As for H, the positively charged interstitial hydro-
Vg (1—4) 1.27 0.85(0.96) 1.31(1.22) 1.57(1.2g%n in the pure system tends to move by forming a bond with
VY (1-2) 0.75 0.48(0.46) 0.32(0.33) 0.15(0.18e nearest hydrogen atoms. The TM impurities additionally
VY, (1-4) 0.99 0.55(0.80) 1.34(1.05) 0.96(0.9@pstruct this movement and the diffusion barriers in theedop

H, (1-2) 022 0.28(0.30) 0.68(0.54) 0.6(0.43yystemsarealso higher. .

H- (1—4) 0.003 0.003 0.40 213 The presence of some TM impurities (up to 5 at%) in some
o (0,0,1) 0.16 0.34 0.16 120 specific local configurations has been shown to improve the
H’L+ 0,01 029 174 101 1.05 diffusion of hydrogen in MgH due to the shift in the position

of the intrinsic Fermi level®%. Furthermore, for Ti and Fe it
was shown that such shifts can be expected only in the case
) _ where metals occupy interstitial positions in the MgHittice,
impurity. and not when substitution occédfs The results presented in
Regardless of charge state, the hydrogen vacancy in almotis work are related to the effect of substitutional TM ie th
all investigated cases tends to have low diffusion bart@rg@  MgH lattice, and therefore they provide a direct insight into
(1-2) and (2-3), i.e., when the diffusion is happening in the the isolated effect of local interaction between the TM and
first coordination shell around the TM atom. It means thathydrogen-related defects of interest for diffusion.
once the vacancy is bound to the dopant, its mobility is highe  Our results could explain some puzzling experimental ob-
than in the pure system. By contrasi; \in most of the cases, servations, such as that the positive effects of TM doping, p
tends to have higher diffusion barrier at least in one direcmarily related to lowering of hydrogen desorption tempera-
tion (asymmetric diffusion) along the paths where the bondure, were found to decline with cyclidg or increased con-
with the TM atom is broken, e.qg., either along£#) or along  centration of TM dopants in Mgkf8. The calculated acti-
(4—1). vation energies for the various diffusion paths close to the
When we consider the physically most relevagit, Wwe see ~ TM impurity in MgH, show that doping with Ti, Mn and Fe
that, e.g., for titanium we have a markedly lower diffusion could influence the overall hydrogen diffusion in a negative
barrier in (1-4) and (3-4) direction (0.50 and 0.17 eV, re- Way. With increased doping concentration, the transpai-pr
spectively) as compared to the pure system (0.78 and 0.39 e\grties of the hydrogen related defects close to the impsitiy
At the same time, the barriers are much higher in the oppositeecome more important. Therefore, our results suggest that
[(4—1) and (4-3)] directions and their calculated values are larger concentrations of these transition metals in the MgH
1.08 and 0.70 eV. Similar conclusion can be drawn for ironcrystal cell as well as synthesis methods that favor substit
too. Compared to pure MgH this translates into higher dif- tional TM implementation, should not be expected to improve
fusion barriers for hydrogen leaving the impurity, and lowe the hydrogen desorption properties of magnesium hydride.
diffusion barriers for hydrogen arriving at the impurityhd
situation with manganese is somewhat d_ifferer_wt in the sensg  Conclusions
that the diffusion barriers near Mn are higher in both direc-

tions. Thus, the calculated diffusion barriers Suggeslt'fha In summary, we have reported on the effects of TM dopmg on
Fe and Mn serve as centers that Iocally slow down the diﬁu-[he microscopica| processes of hydrogen diffusion in MgH
sion of the most mobile positively charged hydrogen vacancyThe investigated Ti, Mn and Fe dopants induce a sizable in-
The calculated diffusion barriers for the less mobilg &hd ~ ward relaxation of the hydrogen atoms in the nearest shglls.
V{, indicate that in some cases, the diffusion of these defectparallel with this structural change, the diffusion of hygen
along some of the paths (e.g., path+2) for Tiyg ) might  vacancies and interstitial H atoms close to the impuritges i
actually be improved, but their impact on the overall hy@nog significantly altered with respect to the undoped systenr. Fo
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the most mobile positively charged vacancy and negativelye
charged interstitial hydrogen in Mg our calculations sug-
gest that Ti, Mn and Fe serve as centers that locally slow down
the diffusion of hydrogen. Our results suggest that the expe
imental search for suitable ways of introducing TM dopantsig
should be such to avoid substitutional TM incorporation in
MgH, (i.e., larger concentrations of transition metals in thel9
MgH. crystal cell or synthesis methods that favor such TM20
incorporation in the crystal cell). At the same time, the ob-,
tained results might point to one of the reasons why theainiti
beneficial effect of TM doping on the MgHiesorption prop-
erties often declines upon cycling.

The results of this study suggest that the reason for the ex’
perimentally determined better hydrogen diffusion updroin = 5,
ducing TM additions in MgH should be looked for elsewhere, 25
and not in the nature of TM-H interaction. Some of the possi-26
ble explanations remain the indirect impact of the dopants o 27
the Fermi level shift and the pure mechanical destabibrati
of the rutile crystal structure by the dopants.
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