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Theoretical Design of Catalysts for the
Heterolytic Splitting of H,**

By tukasz Maj and Wojciech Grochala*

This contribution commemorates the 240th anniversary of the discovery of elemental H, (‘inflammable air’) by Henry Cavendish in 1766
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Here, we briefly review recent advances in H, storage technologies relying on mixed proton—hydride and destabi-
lized hydride materials. We establish a general relationship across different materials: the higher the effective H con-
tent, the higher the temperatures needed to completely desorb H,. Nevertheless, several systems show promising ther-
modynamics for H, desorption; however, the desorption kinetics still needs to be improved by the use of appropriate
catalysts. Prompted by the importance of heterolytically splitting stable dihydrogen molecules for proton—hydride
technologies, we attempt to theoretically design novel H, transfer catalysts. We focus mainly on M 4JNm4Hg catalysts
(M =V, Ti, Zr, Hf, and Nm = Si, C, B, N), which should be able to preserve their functionality in the strongly reduc-
ing environment of a H storage system. We are able to determine the energy of H, detachment from these molecules,
as well as the associated energy barriers. In order to optimize the properties of the catalysts, we use isoelectronic
atom-by-atom substitutions, vary the valence electron count, and borrow the concept of near-surface alloys from
extended solids and apply it to molecular systems. We are able to obtain control over the enthalpy and electronic bar-
riers for H> detachment. Molecules with the coordinatively unsaturated > Ti=Si < unit exhibit particularly favorable
thermodynamics and show unusually small electronic barriers for H, detachment (>0.27 eV) and attachment
(>0.07 eV). These and homologous ZrSi frameworks may serve as novel H, transfer catalysts for use with emerging
lightweight hydrogen storage materials holding 5.0-10.4 wt % hydrogen, such as Li,NH, Li,Mg(NH),, Mg>Si, and
LiH/MgB; (discharged forms). Catalytic properties are also anticipated for appropriate defects on the surfaces and
crystal edges of solid Ti and Zr silicides, and for Ti=Si ad-units chemisorbed on other support materials.

1. Introduction This reaction typically has a large thermodynamic driving

force due to i) the exothermicity of the process and ii) the in-

The coupling reaction between protons and hydride anions
(where both species are bound in various chemical compounds)
leads to the evolution of H, by

H*+H — H,(g) (AH"=-17.35 eV for species in the gas phase) (1)
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crease in entropy due to the formation of a gaseous product.!"
As a consequence, the reverse reaction, i.e., the heterolytic
splitting of H, associated with its addition to a chemical system,
is usually not facile. Therefore, for the majority of promising
solid hydrogen storage materials (HSMs), such as MgH,,
NaAlH,, and LiBH,, the charging process, until recently, has
relied on the addition of H, to the discharged material via a
two-electron redox reaction accompanied by the homolytic
splitting of a dihydrogen molecule.?!

Over the last four years, several important lightweight HSMs
have been developed that are able to attach hydrogen via the
heterolytic splitting of H,. The thermal decomposition of these
systems proceeds according to the following representative
equations, listed here with their standard reaction enthalpy
values, AH":

. . . 0 3
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Analogous reactions for magnesium imide, MgNH,™ and its
mixtures with LizNH,[S] for magnesium nitride, Mg;N,, and its
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The first observations of the release of H, from hydroge-
nated carbon nanostructures mixed with LiH according to
LiH + CpanoH = Li+ Chano + Ha (7)014
have been published in 2005.

Equation 7 somewhat resembles analogous textbook hydro-
lysis reactions
LiH + LiOH — Li,O + H, (AH’=-0.24 eV) (811l

1/4NaBH, + 1/2 H,O — 1/4NaBO, + H, (AH = -0.55 V)
(9)[15,17]

that can be controlled in the solid state (Eq. 8) or in solution
(Eq. 9).

|
|
! mixtures with Li3N[6] and Li2NH,[7] for mixtures of LiBH4 and In all the processes listed above, a proton-hydride coupling
E LiNH,,®! and for LiAlH, with LiNH,"! have also been stud- (Eq. 1) is formally responsible for the release of Hy.
g ied."” The hydrogen-rich B-N systems constitute another im- In addition to these systems, ‘destabilized hydrides’ have also
E portant family of HSMs: been recently developed, which release H; by
E (NHBH)..— BN + H, @M 2MgH, + Si— Mg,Si+2 H, (AH’=+0.38 eV) (10)181
g
o NH,BH,).. - (NHBH).. + H, (AH =-0.25 eV 5)2 2 LiBH,+MgH, — 2 LiH + MgB, + 4 H, (AH" = +0.42 eV
™™ g g
(11)[19]
(NH3;BH;) — (NH,BH,).. + H, (AH =
-0.22 eV t0 -0.01 eV in SiO,) (6)13 The initial stages of the recharging process for these impor-

tant lightweight H, storage systems likely involve the hetero-
lytic splitting of H, on the surface of Mg,Si or MgB,, such as
by

Mg,Si + H, — (H Mg, )(SiH’") (12)

followed by subsequent hydrogen transfer from a semimetal to
a metal (from Si to Mg here), which is formally a two-electron
redox reaction.

The H, release processes listed in Equations 2-12 are char-
acterized by a broad range of associated standard enthalpy val-
ues, ranging from about +1.20 eV per H, molecule (Eq. 2) to
about —0.55 eV per H, molecule (Eq. 9). The majority of these
reactions are irreversible ‘on board’ (Egs. 5, 6, 8, and 9) (i.e.,
they are difficult to reverse at a modest overpressure of H,),
and only a few (Egs. 3 and 10) are relatively close to thermody-
namic equilibrium under normal conditions.*"!
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The majority of H, evolution reactions from proton-hydride
HSMs require thermal activation and proceed with reasonable
speed only at elevated temperatures; for example, the reaction
depicted in Equation 2 proceeds only at temperatures above
325°C, the reactions shown in Equations 4 and 10 above
300 °C, the reaction shown in Equation 7 above 200 °C, the one
shown in Equation 3 above 150 °C, the one shown in Equa-
tion 5 above 135 °C, the reaction depicted in Equation 6 above
80-110°C, and the one shown in Equation 8 above 50-100°C
(Table 1, Fig. 1). The entire hydrogen content stored in these
materials is released at even higher temperatures. Thus, all ‘re-
versible’ endothermic reactions occur at temperatures too high
(2150°C) to be of use “on board” for proton-exchange mem-
brane (PEM) and alkaline fuel cell applications (60120 °C)."

Upon analyzing Figure 1 and Table 1 we note that a fatal
‘perverseness law’ applies for two important families of H-H"
storage materials: the higher the effective H content, the higher
the temperature needed to desorb it completely.m] Mother
Nature’s contrariness—or wisdom—allows for several remark-

Table 1. Values of AH®, Ty, and wt% H for two families of proton-hydride HSMs: (BN)H,
and (Li,Mg) (B,N)H,. The charged forms of the HSMs are also listed. Species which do not fol-
low the usual Tyec versus wt % H dependence (see Fig. 1), and instead show positive or nega-
tive deviations, are marked here as ‘exceptions’. Four important systems which have not yet
been sufficiently studied are also listed (their dehydrogenation would lead to Li3AIN,, MgB,,
etc.). The Tyec value refers to the temperature at which the entire claimed H content is released
and not just the temperature where thermal decomposition begins. The theoretical H content

is shown for the BN compounds.

able exceptions to this empirical rule, however, to our disap-
pointment, these materials usually show even larger thermal
decomposition temperature, Ty, values than expected from a
monotonic dependence. The kinetics of H, desorption is signif-
icantly inhibited in these multiphase polycrystalline systems,
and the thermodynamics is usually unfavorable; thus the pro-
spects for meeting the U.S. Department of Energy (DOE) 2015
target seem rather bleak.””!

The dependence of Ty.. upon the wt % of H simply reflects a
progressive thermodynamic stabilization of the proton-hydride
HSM, as well as the decreasing polarization of H°~ and H’" as
the effective H content increases. Take for example the
NH,BH, family: the absolute values of the effective charges on
the hydride anion and proton are presumably smaller for
NHBH than the corresponding values for NH4BHy; electro-
static H"—H’" coupling is therefore more difficult for the
former species, which is why it requires a higher temperature
to desorb Hj. A clarifying note is needed here: since H; release
from a H-rich compound most often occurs in consecutive
steps, the least hydrogenated compound
(such as NHBH) has a higher effective hydro-
gen content than a H-rich species (such as
NH,BH,), although the latter has a much
larger overall H content as compared to the
former.

The strength of our approach, which allows
the detection of the ‘perverseness law’, lies in
the division of the decomposition reactions
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System HC [eV] Taec ['C wt%H  Notes for various H'-H™ storage materials into im-
(BN) species portant elementary steps. This also allows us
~BNH, endo? 410 3] 7.5 Starts at 300°C; effective 2.6-4.0% H to study the specific thermodynamics and ki-
BH,NH, -0.25 180 6.9 Starts at 135°C netics of each step. For example, LizN is not
BH3NH; —0.22 130 65  Startsat80°C listed in Table 1 (or shown in Fig. 1) as a
NH4BH. i 0 61  Statsat-40°C 10.3 wt % storage material (LizN +2H,); in-
(Li,Mg) (B,N) stead, Li;N and Li,NH HSMs are shown sep-
LiBH4+ MgH, 0.42 400 [b] 10.4 ?tarts;t270°c; two steps [c]; MgB, is arately. Such a division is indispensable in
orme
Lis(BH4) (NH2), exo? 350 >10  Starts at 250°C; Li3BN, is formed terms of practical applications, since these
LiAIH +LiNH, exod 320 8.1 Starts at 85°C materials have significantly different thermo-
LiH+Mg(NH,), 0.40-0.48 300 [b] 9.1 Starts at 180°C dynamics (1.20 eV vs. 0.47 eV in this case!)
LiBH4+2LiNH, 0.24 ~250 7.8 Theoretically predicted value of H° and very distinct thermal decomposition tem-
LiH+3/8Mg(NHy),  endo 200 7 Startsat120°C peratures. It is worth remembering that other
LR LioH 024 190 63 Starts at 30°C hydride HSMs, such as alanates, show a simi-
NaBH4+2H,0 -0.55 25 >6 % H much below the theoretical value . ? ?
Exceptions lar behavior.
LiH+Li,NH 1.20[d] 425 54 Starts at 325°C Importantly, the T4 values for many of the
LiH+ConoHy endo 400 7 Starts at 200°C abovementioned HSMs are far from their
MgHo+Si 0.38 300 5 Mg,Si forms lower thermodynamic limits (wherever data is
LiH+LiNH, 0.47 250 [b] 6.5 Starts at 150°C available), leaving space for further improve-
LiBH4+1.3H,0 exo 25 7.4 % H much below the theoretical value ment—and hope for the scientific community.
Not yet studied For example, the lowest (theoretical) T4 val-
MgH+2MgNH endo? 3.8 Hcontenttoo low ue is as low as +74°C for the reaction in
MeHz+Mg(NH:), endo? 48 H content too low Equation 3 and +7°C for the reaction de-
LiAIH4+2LiNH, exo ? 9.5 Ideally, only Li;AIN; would be formed . . . .
Mg(BH,), endo? 14.9 Ideally, only MgB, would be formed picted in Equation 10; these estimates have

been obtained from the reaction enthalpies
alone, neglecting the (typically unknown) spe-
cific heat capacities of the reaction substrates
and products. The successful realization of the
theoretical limits of the Tg4.. values for these

[a] This experimental value is for the ca. 4 wt % H system; it is likely to be smaller for stoichio-
metric BNH,. [b] Catalyzed. [c] Possibly the enigmatic LiB'H, form is involved. [d] This value is
based on the H% value of 197 k| mol™ for LisN (http://www.knovel.com, accessed June 2006).
An even larger value is obtained using a H% value of 164.56 k) mol™ (National Institute of
Standards and Technology (NIST) Chemistry WebBook).
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Figure 1. T, for several important proton-hydride hydrogen storage sys-
tems along with their wt % hydrogen content (data from Table 1). The Tyec
value refers to the temperature at which the entire claimed H content is re-
leased, and not just the temperature where thermal decomposition be-
gins. Note that all proton—hydride systems with a Tye. <150 °C produce H,
in an exothermic reaction, and are irreversible on-board. The lines have
been introduced as a guide to the eye for the two different families of pro-
ton—hydride HSMs that fulfil the ‘perverseness law’ (filled and empty
squares). Exceptions to this rule are marked with filled triangles. The New
Energy and Industrial Technology Development Organization (NEDO),
Department of Energy (DOE) 2010, and DOE 2015 targets are indicated.

and similar reactions can hopefully be achieved by the use of
appropriate catalysts.”! The main goal of this paper is to de-
sign such catalysts from first principles.

The heterolytic activation of H, (formally requiring an im-
mense energy of 17.35 eV to produce unbound H" and H") is
more difficult than homolytic activation (to produce 2H®,
4.50 eV) but not impossible. Indeed, it may be achieved if the
resulting proton and hydride anion form sufficiently strong
chemical bonds to other elements in the reaction products. This
happens for many second period p-block elements, but there
are also a wide variety of transition-metal-based synthetic mol-
ecules known to be capable of heterolytically activating H, un-
der quite mild conditions. Some recently developed systems in-
clude phosphine complexes of Ru,?Y Ni,®! Pd, and Pt,?*
nitrosyl derivatives of Re,”’ mononuclear Ir species,m Rh-
S and Ti-S compounds,[zgl Ir,-S,% Rh,-S,*!! binuclear
RuW-S,*?l NiFe-S,**! and many polynuclear cluster complex-
es,3* to mention just a few. The applicability of these smart
molecules for H, transfer reactions with discharged highly effi-
cient solid HSMs has not yet been tested, but it is quite clear
that they have some serious disadvantages, which will almost
certainly render them unusable in automobiles on a large scale.
These disadvantages include: a) they typically work only within
a proper solvent, b) they contain precious transition metals,
such as Ir, Ru, Pd, Ru, and Re, ¢) they have a large molar mass,
thus substantially decreasing the efficiency of H, storage in a
HSM-catalyst system, d) some of the catalysts include organic
ligands that contain unsaturated C=C bonds; such compounds
are unlikely to survive the strongly reducing environment with-
in hydrogen storage systems, and e) they contain carefully

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crafted ligand environments for the transition metal, which are
likely to be destroyed in the ultra-basic environment within hy-
drogen storage systems (for example, in a mixture of LiH and
LiNH,).

In this work, we target molecular catalysts built from cheap
elemental constituents {(Ti, V, Zr, Hf)/(Si, C, B, N)/H}; these
catalysts evolve from i) our earlier concepts of electronegativ-
ity perturbed Ti-substituted hydrocarbons,”* ii) the landmark
report on the catalytic activity of Ti compounds in the homoly-
tic splitting of H,,B and iii) from a recent theoretical contribu-
tion on the control of catalytic processes on the surfaces of sub-
surface alloys.m] Catalysts studied in the present work have
been designed to preserve their integrity and functionality in
the aggressive chemical environment of solid proton—hydride
hydrogen-storage systems.

2. Results and Discussion

2.1. Controlling the Enthalpy of the H, Detachment Reaction
Using TiyC4Hs-Like Species

A H, transfer catalyst should of course exhibit a less positive
enthalpy of H, detachment, AE 4, than the HSM with which it
will cooperate; however, an energy close to +0.40 eV per H,
molecule is required to account for entropy effects.”® Thus, let
us first learn how to establish that a catalyst will indeed exhibit
appropriate thermodynamics of H, attachment/detachment.

2.1.1. Controlling the AE 4., Value by Isoelectronic Substitutions

Prospective catalysts described in this section are analogous
to the CgHg (cubane) molecule and have a formula MyNm4Hsg,
where M =Ti, Zr, or Hf, and Nm=C or Si (Fig. 2A). Concep-
tually, these molecules can be obtained from the previously
studied Ti4C4H8[34] by isoelectronic chemical substitutions
(where the valence electron count is preserved). We demon-
strate the use of such substitutions as a tool to directly influ-
ence the value of AE 4 in the reaction

M4Nm4Hg xd M4Nm4H6 + H2 (AEdet) (13)

where one H comes from a tetravalent metal site, M, while an-
other comes from a nonmetal site, Nm. A chemist will naturally
expect that substitution in the sequence Ti — Zr — Hf will lead
to an increased stability of the M-H bonds, and as a conse-
quence, to more positive values of AE . Similarly, the C— Si
substitution should lead to a decrease in AE 4. Let us examine
what the density functional theory (DFT) calculations predict.
The computed values of AFEy. for these substitutions are
shown in Table 2 (see Supporting Information for further de-
tails).

It turns out that the calculated AE,, values are entirely con-
sistent with our qualitative predictions. The value of AE 4. can
be engineered over a broad energy range (+0.35 to +1.35 eV)
via simple isoelectronic substitutions. Of the six computed val-
ues, two (0.35 eV for TiySi;Hg and 0.40 eV for Zr,SiyHg) fall

Adv. Funct. Mater. 2006, 16, 2061-2076
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Figure 2. Six examples of molecules studied in this work: A) Ti,C4Hs; B) V4C4Hs; C) TisN4Hs; D) TigBsHs; E) VaN4Hg; F) Tig(CoN,)Hg. The molecules
B-F can be obtained from A by deliberate atom-by-atom substitutions; F is a molecular analogue of a near-surface alloy. Note that the geometry of the
heavy element (MNm), framework resembles a slightly distorted cube, except for D, where B-B bonds are formed.

Table 2. Zero-point energy (ZPE)-corrected values of the H, detachment
energy for cubane-like M4Nm4Hg molecules, where M=Ti, Zr, Hf and
Nm=C, Si; the B3LYP results are presented here.

M Nm

C Si
Ti 0.91 0.35
Zr 1.06 0.40
Hf 1.35 0.68

very close to the desired narrow window (from +0.404 eV, en-
tropy factor, (7-S(H;)) of Hy(g) at 25°C, to +0.505 eV, TS of
H,(g) at 100 °C). Further substitutions beyond the isoelectronic
set studied here are needed to vary AE, in a more continuous

manner.[39]

2.1.2. Controlling the AE 4., Value by Changes in the Valence
Electron Count

Let us again utilize Ti4C,Hg as the starting system for the fol-
lowing perturbations, Ti—V, and C— B, N, which affect the
electron count. It is worth recalling that Ti,C,Hg can be re-
garded as a polynuclear Ti(IV) compound with bridging CH*"
ligand groups, i.e., as {(H)Ti"(CH*)}s. This molecule has
a significantly large computed relaxed ionization potential
(8.47 €V) and a relatively small computed value for the elec-
tron affinity (2.10 eV). These values are quite similar to those
for an atom of ‘noble’ gold (9.22 and 2.3 eV, respectively). This

Adv. Funct. Mater. 2006, 16, 2061-2076
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feature suggests that the catalyst is likely to maintain its integ-
rity upon insertion into an aggressive proton-hydride hydrogen
storage system.

Several important quasi-localized molecular orbitals (MOs)
can be distinguished in the electronic structure of Ti4C4H8:[34]
i) the HOMO-2 (highest occupied molecular orbital) at
—0.2621 au, which is a bonding combination of 2p orbitals of C
and d orbitals of Ti; ii) HOMO -1 at -0.2620 au, which is an-
other bonding combination of 2p orbitals of C and d orbitals of
Ti; iii) the HOMO at —0.2619 au, which is a ¢ bonding combi-
nation of 1s orbitals of H; and d(z) orbitals of Ti; iv) the low-
est unoccupied molecular orbital (LUMO) at —0.1265 au,
which is a o* antibonding combination of d(z?) orbitals of Ti
and 1s orbitals of H 3, with some contribution from the 1s or-
bitals of Hc (the lowest unoccupied molecular orbital (LUMO)
is weakly bonding between Ti atoms); v) LUMO+1 at
—0.1201 au, which is essentially a nonbonding combination of
d(x*-y?) orbitals of Ti; and vi) LUMO +2 at —0.1200 au, which
is another nonbonding combination involving the d orbitals of
Ti. Selected MOs are illustrated in Figure 3.

The donor function of the molecule (HOMO) is mainly hy-
dride-centered, while the acceptor function (LUMO) is pre-
dominantly on Ti. The Ti-H bonds are rather weak, long, and
quite ionic (as compared to the Ti-C and C-H bonds), and
form the uppermost ¢ and the lowest 6* levels of the molecule.

The MO picture should allow us to predict the consequences
of varying the valence electron count (Ti—»Vor C—N, +1e”
per atom; C— B, -1 e per atom). These variations should most
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Figure 3. Kohn-Sham molecular orbitals for Ti,C4Hs: A) HOMO,
B) LUMO, C) HOMO -2, and D) LUMO +1.

significantly influence the frontier orbitals (with a change of
+2 e per molecule), as well as the HOMO -1 (with a change of
—4 ¢ per molecule) and LUMO +1 (with a change of +4 ¢ per
molecule), whereas the Ti-C core (HOMO-2, LUMO +2)
should be relatively unaffected by these variations. For exam-
ple, upon the addition of two electrons per molecule, the M—-H
bonds should weaken and elongate (reflecting the population
of a Ti-H antibonding orbital); the same result is expected
upon reducing the number of electrons by two (depopulation
of a Ti-H bonding orbital). Consequently, the energy of H, de-
tachment should decrease in both cases, as one H is eliminated
from the Ti site. Upon the addition of an additional two elec-
trons to the system (which corresponds to a complete Ti—V
or C— N substitution), the nonbonding LUMO +2 orbital is
occupied, and this is unlikely to lead to further changes in
AE4e. Upon withdrawal of a total of four electrons from
TiyC4Hg, the resulting depopulation of HOMO -1 should in-
voke an increase in the M—Nm separation, and so on.

A similar analysis can be done for other kinds of chemical
substitutions; unfortunately, HOMO-2, HOMO-1, and
HOMO are virtually degenerate on the energy scale, and the
LUMO, LUMO +1, and LUMO +2 show a similar behavior.
This means that variations in the valence electron count will in-
duce strong vibronic coupling in the system, which will influ-
ence all quasi-degenerate MOs and thus all important chemical
bonds. The exact predictions will therefore rely on explicit cal-
culations for all the chemical species in question.

The effect of the Ti— V and C— B, N substitutions in the
TiyC4Hg molecule upon the calculated energy of H, detach-
ment (Figs. 2B-E and Supporting Information) is summarized
in Table 3.

To our surprise, the calculated changes of the AEg., value for
substituted analogues of Ti4C4Hg often show good agreement
with the simplistic MO-based predictions, despite the substan-
tial quasi-degeneration of MOs in the vicinity of the HOMO
and LUMO. For example, a decrease or increase in the number

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 3. ZPE-corrected values of the H, detachment energy (eV) for
M4Nm4Hg molecules, where M=Ti, V, and Nm=B, C, N; the DFT Becke
3-Parameter Lee, Yang and Parr (B3LYP) results are presented here.

M Nm

B C N B N
Ti 0.40 [a] 0.91 0.42 [a] 0.07 [b], 1.26 [¢]
\% 0.54 [a] 0.54 [a] 0.46 [a] not determined

[a] Molecule with various non-equivalent M—H and Nm-H bonds; we list
the value of AEye; associated with the dehydrogenation path leading to the
most thermodynamically stable product. [b] H, detachment from Ti and
N. [c] H, detachment from Ti and B.

of valence electrons by four (yielding TiyB4Hg, TiyN4Hsg,
V4C4Hg) always leads to decreased stability of the molecule
with respect to heterolytic H, elimination (as compared to the
Ti4C4Hg standard). The AEg4. values are comparable regard-
less of the nature of atomic substitutions (0.40 eV for Tiy;B4Hsg,
0.42 eV for TiyN4Hg, 0.54 eV for V,C4Hg). However, the
trends expected for other properties are poorly reproduced.
For example, the average Ti-H distances in Ti;N4Hg (1.770 A)
(Fig. 2C) are indeed slightly longer than for TisC4Hg
(1.746 A), but those for Ti,B4Hg (Fig. 2D) are somewhat short-
er (1.738 A). Similarly, the V-H bond lengths computed for
V.C.Hg (1.685 A) (Fig. 2B) are shorter than the Ti-H dis-
tances in Ti4C4Hg (1.746 A), which does not agree with the pre-
dictions (see Supporting Information for numerical data).[4°]

Two interesting co-substitutions can be performed that leave
the overall electron count unchanged: one is C4— B,N,, while
another is a simultaneous Ti—V and C— B exchange. The
first perturbation leads to Tiy(B,N;)Hg; this species shows
some resemblance to the parent Ti;C,Hg in terms of geometry:
the Ti-H distances (1.742-1.745 A) are similar to those in
Ti,C4Hg (1.746 A), while the average of the B-H (1.234 A)
and N-H (1.024 A) bond lengths is 1.129 A, which is similar to
the C—H bond length in Ti;C4Hg (1.102 A). The average of the
Ti-B (2.097 A) and Ti-N (2.027 A) distances is 2.062 A, which
is again very close to the average Ti—C distance (2.037 A).*!

H, can be detached from Tis(B,N,)Hjg in at least two differ-
ent ways, either from Ti and N, or from Ti and B. The corre-
sponding energies of H, detachment differ quite substantially:
0.07 eV for detachment from Ti and N, and 1.26 eV for detach-
ment from Ti and B (compared to 0.91 eV for Ti and C in
Ti4C4Hg). Thus, the isoelectronic C— (B1,;Ny;,) substitution
seems to greatly affect the energetics and decomposition path
of Ti4Nm4H8.[42] The total number of valence electrons turns
out not to be the major determinant of the H, detachment
energy.

Notably, the simultaneous Ti—V and C— B substitution
(which also does not change the overall electron count) signifi-
cantly influences both the molecular geometry (the bonding
pattern changes substantially) as well as the AE 4., value (AEge;
decreases from +1.02 eV for the Ti-C compound to +0.70 eV
for the V-B analogue), which is quite different from the behav-
ior expected using a simple MO approach. The quasi-degener-
acy of MOs in the vicinity of the HOMO and LUMO is to be
blamed for these shortcomings.

Adv. Funct. Mater. 2006, 16, 2061-2076
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Intuitively, one is tempted to discard these poorly perform-
ing systems and focus on the best candidates. With a AE4. val-
ue close to +0.40 eV, TiyB4Hg naturally becomes the mole-
cule of choice for subsequent studies on the impact of chemical
substitutions on the AEj., value. One may anticipate that sub-
stituting Ti — Zr — Hf in the TiyB4Hg molecule will lead to a
small increase in the corresponding AE 4., values, similar to the
behavior seen for TiyNmyHg (Nm=C, Si) derivatives (as de-
scribed in Section 2.1.1). However, this is not exactly the case.
The computed AE ¢ values are 0.40, 0.38, and 0.69 eV for the
Ti, Zr, and Hf derivatives, respectively, thus suggesting that
Zr,B,Hg may be as important as the parent Ti-based system.

To summarize this section, TisSiyHg (0.35 eV), Zr,B4Hg
(0.38 V), ZrsSisHg (0.40 eV), TiuNgHg (0.42 V), TiyB4Hg
(0.44 V), and V,N4Hg (0.46 eV) have been identified as the
most promising catalytic candidates, considering only the ther-
modynamics of the heterolytic addition of H,.

2.2. Controlling the Kinetics of H, Attachment/Detachment

In the second step of the catalyst design process, let us learn
to control the kinetic aspects of H, attachment/detachment.
This is certainly a more difficult task than controlling the over-
all reaction thermodynamics, but will guide us to genuine cata-
lyst candidates. However, first it is worth revisiting the relation-
ship between the kinetics and thermodynamics of the H,
detachment reaction for a broad range of stoichiometric binary
hydrides of main group and transition metals.

2.2.1. ‘Golden Rule’ for Stoichiometric Binary Hydrides:
‘Thermodynamics Controls Kinetics’

The experimentally observed dependence of the ‘effective
energy barrier’ for homolytic H, detachment, AE tectives upon
a thermodynamic reaction parameter (standard redox potential
for the metal cation/metal pair in aqueous solution, E), for a
wide range of inorganic binary hydrides, is shown in Figure 4.
Here, AE" stective (in eV) has been calculated from experimen-
tal T4 values (in K) for the hydrides as

AE" trective = 312k Taee/(1.602 x 107Y%) (14)

where the dominator represents the conversion factor from
joules to electron volts. Numerical data (see Section S10 of
Supporting Information) for this plot has been taken from
Grochala et al.l'

AE tective 1S meant to reproduce only a fraction of the true
energy barrier for the H, detachment reaction, AE* 4., which
rises on the potential energy surface of the reaction. For a sys-
tem where the energy partitioning function is controlled by a
Maxwell-Boltzmann distribution, at a given temperature 7,
only a small number of the molecules have sufficient energy
for the decomposition reaction to proceed towards thermody-
namic equilibrium. Since AE? ttective 18 associated with the aver-
age energy of particles, it must be about an order of magnitude
smaller than, but still proportional to, AE" 4.

Adv. Funct. Mater. 2006, 16, 2061-2076
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Figure 4. Experimentally observed dependence between the ‘effective ener-
gy barrier’ for homolytic H, detachment, AE” cective (in €V), and a thermo-
dynamic reaction parameter (standard redox potential for the metal cat-
ion/metal pair in aqueous solution, E° (in V)), for a broad range of
inorganic binary hydrides of metallic and semimetallic elements. See text
and Supporting Information for details.

As seen in Figure 4, AE" tteciive Shows a nice variation with
the value of E° (a thermodynamic parameter), according to the
scenario: the larger the thermodynamic stability of the hydride,
the larger is the effective barrier for H, detachment.*] A simi-
lar ‘golden rule’, usually called Hammond’s rule in the litera-
ture,* is also frequently encountered for many other types of
chemical reactions, as well as for catalytic reactions occurring
on crystal surfaces. Unfortunately, as is known from experi-
ments, reaching the thermodynamic equilibrium requires too
large of an energy barrier for many lightweight binary and
ternary metal hydrides; their decomposition at practicable
speeds usually requires temperatures of ca. 200 °C, and cata-
lysts are necessary to facilitate operation at lower tempera-
tures. A similar behavior is seen for proton-hydride storage
materials.

As we will show in the next few sections, it may be possible,
using two of the molecules studied in this contribution, to
achieve a very low energy barrier for heterolytic H, detach-
ment, while still preserving the thermodynamics of the reaction
at close to neutral under standard conditions.

2.2.2. Reaction Pathways for the Detachment of H, from
M NmHg Species

The process of H, detachment from the MyNm4Hg species
(M=Ti, Zr; Nm = B, C, N, Si) is associated with a TS and two
concomitant energy barriers: AE*y, and AE", (Fig. 5). AE" 4
increases when the reaction progresses from TiyNmyHg via a
dihydrogen complex (H,C) as

M4NH14H8 (substrate) d M4NII14H6' . 'Hz (HzC) (15)

whereas AE*,, is related to the reverse reaction.
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then the cubane-like geometries studied in Sec-
tions 2.1.1 and 2.1.2 (see Supporting Information
for details). These important isomers of the reaction
substrates, denoted hereafter by an asterisk (*)
alongside their molecular formula, contain bridging
M---H---Nm three-center bonds and thus represent
interstitial hydrides. In some cases they are more
stable than the cubane-like species (such as for
M=Ti, Zr and Nm =Si), while in others they have a
comparable energy (as for M=Ti and Nm=B).
Therefore, the reactions shown in Equations 15
and 16 may proceed from MyNmyHg, first via

M4NmyHg*, and then via H,C, to the final products,

progress of dehydrogenation

Figure 5. A generalized reaction path for H, detachment from M;Nm4Hg molecules.
A cubane-like MyNm4Hg molecule can be dehydrogenated to the most stable product

M4Nm4H8 4 M4Nm4Hg* 4 M4Nm4H6- . 'H2
— MyNmyHg + Hy(g) (18)

(M4Nm4Hg") in a two-step reaction (solid line) involving the most stable dihydrogen

complex intermediate (MsNmyHg---H,"). The set of thermodynamic parameters
(AEget, AE® 4o, AE® 1, AE,c) associated with this reaction are marked by arrows. For
some systems, a low-energy MyNm4Hg* isomer also exists, which has a terminal
M-H bond and a bridging Nm---H---M bond. This dehydrogenation path (dashed
line) shows two smaller barriers instead of a large one. For some molecules, the sec-
ond most thermodynamically stable product (MsNm4Hg™) may be formed upon de-
hydrogenation (dotted line). The label for MyNm,Hs---H,"! and the path leading di-

rectly from My;Nmy4Hg to MyN m4H'"" have been omitted for brevity.

The dihydrogen complex with the H, molecule weakly at-
tached to an acidic M site can be further decomposed to the
final gaseous products

M4NIH4H6’ . 'Hz (Hzc) = M4NH14H6 + H2(g) (16)

Our calculations indicate that H,C is formed spontaneously
from TiyNmy4He and H; (as long as no entropy term is consid-
ered) and there is no electronic barrier to this elemental pro-
cess. The stability of H,C is thus determined only by the size of
the gain in reaction energy relative to the inhibiting entropy
factor, with the barrier to this reaction being purely an entropic
one.

Obviously, the following relationship holds,

AEge = AEﬂkdet - AE#att - AEHZC (17)

where AEy ¢ is the (always negative) energy of formation of
the dihydrogen complex from MsNm4Hs and Hy(g) (Fig. 5).
The values of AE* 4., and AE",,, are very important in the con-
text of the catalytic action: if AE*.., is small, then H, absorption
by the catalyst will be fast; if in addition AE* 4. is also small,
then the barrier for H, transfer to the discharged HSM is also
likely to be small.

The molecules studied here show a variety of different chem-
ical bonding arrangements and cover a broad range of molecu-
lar properties. Not surprisingly, the substrates (Ms;NmyHg), re-
action intermediates (MyNm4Hs---H;), and reaction products
(MyNm4Hg) may in some cases exhibit several isomers. For
example, while scrutinizing the potential energy surfaces of
M Nm4Hg molecules (M=Ti, Zr and Nm=Si, or M=Ti and
Nm=B), we have detected local minima for structures other

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

as calculated for M = Ti, Nm = Si (Section 2.3.1).

On the other hand, the obtained reaction products
(i.e., MyNmyHg molecules and their corresponding
H,C complexes) may also have several isomers which
differ in energy and other properties from the most
stable minimum. Here, we consider only reactions
proceeding to the most stable isomer of My;Nmy4Hg
that we could find (such reactions are denoted by a
superscripted (m accompanying the molecular formula, whereas
the second most stable isomer is denoted by ")), Naturally, the
resulting values of AE4eq, AE' 4, and AE*,,, will vary for each
separate set of isomers of reactants and products involved in
the reactions depicted in Equations 15-18 (Fig. 5).

In the next section we proceed to analyze the calculated val-
ues of the reaction enthalpies and reaction barriers for several
Ti- and Zr-containing systems discussed above.

2.2.3. Barriers for H, Detachment from M ,Nm4Hg Species

Table 4 summarizes the values of AE4e, AEy,c, AE*4or, and
AFE*,,, for nine molecules with rather complex potential energy
surfaces. For each of these molecules we have been able to de-
tect the transition state (TS) for the H, detachment reaction.
In addition, data are shown for three molecular analogues of
subsurface alloys; these will be discussed in detail in Sec-
tion 2.2.5. The {AEqge, AE" 4o} and {AEg4., AE" ) values for all
the studied compounds are collectively plotted in Figure 6,
along with the AEg values for several reversible hydride—pro-
ton HSMs, and the limiting 7-S(H,) term at three different
temperatures, where S(H,) is the entropy of gaseous H,.

It turns out that the calculated barrier for the H, detachment
reaction, AE" ., is rather large for a majority of the MyNm,Hg
catalyst candidates, and quite surprisingly, is quite independent
of the value of AE,,, for reactions leading to the most thermo-
dynamically stable isomer of the MyNmyHg product. This
is exemplified by the AE" 4, values for Ti,C,Hg, TisN,HgH,
Ti,B,Hg!Y, and Zr,B,Hgl", which exceed 0.8 eV, and the corre-
sponding AE*,; values, which are greater than 0.65 eV (except
for TiyC4Hg). At the same time, AEg., varies over a wide range
in these systems, from an optimal value of 0.38 eV to the exces-

Adv. Funct. Mater. 2006, 16, 2061-2076
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Table 4. ZPE-corrected values of the H, detachment energy (AE4e) and
barrier for H, detachment (AE"4.) for selected (M,M’)4(Nm,Nm’),Hsg
molecules, and of the barrier for H, attachment to corresponding
(M,M")4(Nm,Nm’),Hs molecules (AE*.), where M, M’=Ti, V, Zr and
Nm, Nm’=B, C, N, Si. The energy for dihydrogen complex formation
(AEpc) from H; and (M,M")4(Nm,Nm’")4He, as well as the H---H separa-
tion (R(H---H)ts) in the TS during the dehydrogenation reaction, are
also shown here. These are DFT/B3LYP results; see Supporting Informa-
tion for further details. [I] denotes the most thermodynamically stable
(H)M---Nm(H*) product of the reaction depicted in Equations 15 and
16. [I1] denotes the second most thermodynamically stable product of the
reaction shown in Equations 15 and 16.

M/Nm Afge  AF'ge  AF'  AEuc  R(H..H)rs Comments
[eV] [eV] [eV] [eV] A
Tig(N2Co)Hg +0.99 1.16 040 -0.22[a]  2.206 b
TisCaHs +0.91 1.07 0.30 -0.13 1.047 bl
(VoTip)C4Hg*  +0.79 0.80 0.15 -0.14 1.036 [
Tia(B2C)Hs*  +0.69 1.07 0.53 -0.14 1.027 ]
TigN4Hg!" +0.64 1.06 049  -0.07[a]  1.058 [b]
TisBsHs" +0.55 0.85 0.40  -0.10[a]  1.081 [d]
Zr4SigHg* +0.54 0.47 0.07 -0.13 1.088 e]
ZryB4Hs!" +0.53  N.D.[f] N.D.[f] -0.03[a] N.D. [b]
TiaSigHg* +0.49 0.31 0.00 -0.18 1.046 le]
TigN4Hg" +0.42 1.28 1.20 -0.34 1.064 [b]
TisB4Hs!" +0.40 0.97 0.68 -0.11 1.178 [b]
ZryB4Hg" +0.38 1.47 1.14 -0.05 1.551 [b]

[a] H,C breaks the C; symmetry. [b] The ‘interstitial’ minimum®* (four
terminal NmH bonds, three terminal MH bonds, and one bridging
Nm---H---M bond) is not stable. [c] Cubane-like minimum (four terminal
NmH and four terminal MH bonds) is not stable. [d] Cubane-like mini-
mum is —0.03 eV below minimum®* with a bridging Nm---H---M bond.
[e] Cubane-like minimum is +0.14 eV above minimum* with a bridging
Nm---H---M bond. [f] Complex reaction path; no TS has been detected.

sively large 0.91 eV. It thus becomes quite apparent that a new
approach is required to decrease the AE" 4 and AE",; values
while still ensuring favorable thermodynamics for H, detach-
ment. We will describe three possible solutions to this impor-
tant problem in the subsequent sections.

2.2.4. Dehydrogenation to a Thermodynamically Unstable
Product Bends the Rule

Let us now consider the second most stable isomer of the
product (Figs. 5 and 6, and Table 4). In both the studied sys-
tems (Ti,BsHs™, Ti,N,H™), the AE4, values are 0.22-
0.23 eV larger while the AE* 4, values are 0.14-0.22 eV small-
er, as compared to the corresponding values for the (Ti4B4Hg[I],
Ti4N4H3[I]) isomers. The respective AE*,,, values are also much
smaller, by 0.28-0.71 eV. Clearly, the general rule ‘lower prod-
uct stability =small energy barrier’ does not hold any longer,
and exceptions (in terms of negative deviations of AE", and
AE* ) can be found.

Obviously, these rule-breaking deviations are crucial for H,
storage and H, transfer catalysts. Consider a HSM that is ther-
modynamically unstable but kinetically too stable to be dehy-
drogenated at ambient conditions (say, AE 4., is ca. 0.0 eV, like
for some BNH, compounds, while AE* 41 is 1.0 eV). If the de-
hydrogenation reaction can be directed towards less stable
products (for example, where AEg4. is ca. 0.4 eV), along a path
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Figure 6. Plot of the ZPE-corrected values for {AEge; AE* 4o} (filled sym-
bols) and {AEge; AE",4} (open symbols) for selected molecular catalyst
candidates studied in this work. AEg is the H, detachment energy, AE” 4,
is the barrier to H, detachment for selected (M,M")4(Nm,Nm’)4Hg mole-
cules, while AE”, is the barrier for H, attachment to corresponding
(M,M") 4(Nm,Nm")4He molecules, where M, M’=Ti, V, Zr and Nm,
Nm’=B, C, N, Si. The heavy constituent elements of a molecule are shown
for each entry. The enthalpy values for H, detachment from three impor-
tant HSMs (discharged Li,NH, MgLi,(NH),, and Mg,Si) are indicated.
The T-S(H,(g)) values are shown by dotted lines for three selected temper-
atures (25, 60, and 100 °C). The perpendicular box indicates areas where a
‘dream H, transfer catalyst’ should be sought. Solid lines show linear re-
gressions for subsets of five {AEqey; AE* 4o} and five {AEqe; AE® 4} entries.

which shows a much smaller barrier (for example, 0.5 eV), then
the reaction might proceed to the kinetic instead of the ther-
modynamic product; one might even envisage fully reversible
systems of this kind. A similar feature may also be crucial for
catalysts; large turnover values may be achievable before the
hydrogenated form of a catalyst gets stuck for good in a global
energy minimum.

2.2.5. Molecular Analogues of Near-Surface Alloys

The concept of near-surface alloys has recently allowed con-
trol over the energy barrier of H, attachment reactions at me-
tallic surfaces.®’ We now extend this idea to molecular sys-
tems, in order to engineer the values of AEgy,, AE*4e;, and
AE*,... Once again, we use the well-studied Ti4C4Hg molecule
as the base system for successive perturbations (Fig. 2A).

Figure 7A shows the TiyC4Hg unit of the H,C complex; the
uppermost TiC moiety is the reaction center where H, attaches
from the gas phase in a complex chemical reaction. Here, the
process has been captured at an intermediate stage (dihydro-
gen complex). An empty (coordinatively unsaturated) TiC
edge of the cubic Ti,C,4 core can be regarded—analogous to ex-
tended subsurface alloys—as an isolated TiC ad-unit on the
surface of a solid (Fig. 7B). The neighboring Ti,C,H, unit of
the molecule corresponds to a surface layer with a TiC stoichi-
ometry (in the molecule, Ti and C are saturated with H atoms;
in a solid, they form bonds to the neighboring atoms). The re-
maining HTiCH unit (at the bottom of Fig. 7B) represents the

www.afm-journal.de

-
m
5
G
~
m
2
E
0
F
m

2069



FEATURE ARTICLE

2070 www.afm-journal.de

t Maj, W. Grochala/Theoretical Design of Catalysts for the Heterolytic Splitting of H,

B

Reaction center
/ adatoms on the surface of a solid

5 r )
F;—J Surface layer
i

Sub-surface layer (bulk)

9

Figure 7. lllustration of the idea of near-surface alloys as applied to molecules. A) The
Ti4C4He molecule; B) an isolated TiC ad-unit attached to the unrelaxed (110) surface
of a TiC solid; C) the Ti;C;N,Hg molecule; D) an isolated TiC ad-unit attached to the
(110) surface layer of a near-surface alloy. Here, a surface slab with a TiN stoichiome-
try is deposited on bulk TiC (NaCl structure). The uppermost (coordinatively unsatu-
rated) TiC edge of (A) and (C) is the reaction center (H, would be attached here); it
corresponds to the exposed TiC ad-unit in (B) and (D). The neighboring Ti,C;H,4 unit
in molecule (A) corresponds to the surface layer of (B) (in the molecule, Ti and C are
saturated with H atoms, in (B) they form bonds to the neighbors). The Ti,N,H,4 unit
of molecule (C) corresponds to the TiN surface layer of (D). The remaining HTiCH
unit (at the bottom in (A) and (C)) represents a subsurface slab (approximately bulk)

We have tested this idea by introducing several
atom-by-atom substitutions to the parent TiyC4Hg
system. All these substitutions affect the electron
count of the (MNmH,), unit; the electron count var-
ies from 18 for a TiB composition, to 20 for TiC, and
22 for TiN and VC. The TiC — TiB perturbation cor-
responds to introducing a less electron-rich (more
acidic) surface layer to the solid; while in contrast,
the TiC — TiN and TiC — VC perturbations result in
the TiC ad-unit being attached to a more basic (elec-
tron-donating) surface (Fig. 2F). A chemist will natu-
rally expect that the enhanced acidity of the surface
layer will allow for stronger binding of the carbide
anion and weaker binding of the Ti cation from the
TiC ad-unit. Indeed, the optimized geometry of
Ti4C,B,Hs (see Sections S6 and S12 in the Support-
ing Information) is consistent with these predictions.

However, what are the actual results for quantum
mechanical calculations of the AEg., AE*4., and
AE* values? It turns out that the substitutions dis-
cussed above do not have a very large influence the
thermodynamics and kinetics of the H, detachment
reaction. The range of the AEg., values is ca. 0.3 eV,
while the AE* 4. and AE",,, values are spread over ca.
0.1 and ca. 0.2 eV, respectively. The more basic sur-
face layer (TiN) enhances the stability of the TiCH,
ad-unit, whereas the more acidic layer (TiB) tends to
diminish it. At this point, molecular analogues of

with a TiC stoichiometry ((B) and (D)).

subsurface slab of solid TiC. Summarizing, the Ti4C4H¢ mole-
cule serves as a model for a TiC ad-unit adsorbed on the
(110) surface of bulk TiC (which crystallizes in the cubic NaCl
structure).

The chemical composition of the i) ad-unit, ii) surface layer,
and iii) subsurface layer can of course be varied, thus leading
to improvements or deteriorations in the AEge, AE", and
AE*, values. We could have changed all the components si-
multaneously and gathered very large set of numerical data,
but instead we have opted for a simpler approach. To develop
a more detailed understanding, we have chosen to study a nar-
rower set of deliberately perturbed molecules. Therefore, we
have retained the TiCH, composition of the ad-unit and the
subsurface layer, and have varied only the surface layer. Such
variations may perhaps be realizable experimentally by the epi-
taxial growth of (MNm) overlayers on the surface of bulk TiC,
and by the subsequent attachment of isolated TiC ad-units to
the top surface. These variations should indirectly affect the
AEger, AE" 4or, and AE* ,; values for the process

(19)

and can be simultaneously or separately implemented at the M
and Nm sites.
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near-surface alloys enjoy limited success; the ‘large
product stability =large energy barrier’ scenario in-
variably persists.

2.2.6. Interstitial Hydrides Lead the Way

To our delight, as shown in Table 4 and Figure 6, there are
two molecules which show desirable thermodynamics and ki-
netics for H, attachment/detachment. These are TisSi;Hg* and
its Zr homologue. Both molecules are essentially ‘interstitial
hydrides’, i.e., the hydrogenated reaction center (MSiH, ad-
unit) displays one bridging (three-center) M---H---Si bond and
one terminal M-H bond. These molecules also have cubane-
like isomers (with one terminal MH and one terminal SiH
bond at the MSiH, ad-unit), discussed above in Section 2.1.1,
which are thermodynamically slightly less stable. The heavier
Zr derivative has similar properties as the Ti homologue, so we
will focus primarily on the latter structure.

The AE* 4o and AE",, values for Ti,Si;Hg* are, respectively,
0.31 (0.27) eV and 0.00 (0.07) eV (the parenthetical values
have not been corrected for the zero-point energies (ZPEs)),1*’!
vastly different from other similar molecules studied in this
contribution. The AE . value is 0.49 (0.50) eV. TisSi;Hg* thus
shows all the attributes of a ‘dream catalyst’. A wish list of
properties for such a ‘dream catalyst’ includes: i) negligible
(ca. 0 eV) electronic barrier for the detachment of H,; ii) as
small a barrier as possible for H, attachment to its dehydroge-
nated form, but within the limits of favorable thermodynamics

Adv. Funct. Mater. 2006, 16, 2061-2076



FUNCTIONAL

t Maj, W. Grochala/Theoretical Design of Catalysts for the Heterolytic Splitting of H,

(ca. 0.4 eV), and as a consequence of (i) and (ii), an ultrafast
kinetics for charging/discharging at virtually neutral thermody-
namics; iii) a relatively small H*---H™ interatomic separation
for the hydrogenated form, which would facilitate H, transfer
from the catalyst to the discharged HSM; and iv) a molecular
nature, to ensure easy dispersion in the storage material, as
well as catalytic activity at virtually every reaction center.

With its favorable thermodynamic parameters and an
H*..-H separation of 2.24 A, Ti,Si;Hg* shows all the desired
features.

The ‘interstitial’ nature of the Ti-Si and Zr-Si hydrides
seems to be the main reason for their unique favorable proper-
ties.[*] It has been well established that a majority of covalent
and ionic hydrides shows sluggish kinetics for H, uptake, while
interstitial hydrides (such as those used in metal-hydride bat-
teries) typically allow for fast recharge and discharge at the ex-
pense of a low wt % of H stored in these materials. The ease of
formation of bridging Ti---H---Si bonds (not observed for anal-
ogous TiCH, systems) reflects the more metallic nature of Si as
compared to C, and is also due to the comparable energies of
the Ti-H and Si-H bonds. Indeed, the formation of bridging
Ti---H---Si bonds has been observed experimentally in Ti-
SiH,.1*7

It thus seems that the successful Ti;Si;Hg* molecule is essen-
tially a ‘golden mean’ between covalent and metallic hydrides.
A careful study of this system will hopefully allow us to identify
the crucial molecular properties which are needed to function
as a ‘dream catalyst’, and allow further expansion of the list of
prospective catalytic systems.

2.3. How Does the Most Successful Catalyst Work?

What is the modus operandi of the Ti,SiyHg* catalyst candi-
date? How and why does it differ from other molecules such as
Ti,C4Hg? We will attempt to answer these important questions
while unraveling the molecular scale mechanism for H, attach-
ment for the best catalyst candidate studied in this report.

2.3.1. Reaction Path for the Dehydrogenation Process

To set the stage, let us first analyze changes in the molecular
geometry and atomic polar tensor (APT) charges for various
species,*® along a schematic reaction path for the process,

Ti4Si4H6 + H2 d T14SI4H6 . ~H2 (HQC) — TS1
where TS1 and TS2 represent two transition states. These
changes are illustrated in Figure 8. Let us analyze them from
the perspective of the main player in the addition reaction, i.e.,
the H, molecule.

The reaction begins with the (barrierless) attachment of H,
to an unsaturated Ti site. The H-H bond (0.74 A in H,) be-
comes slightly elongated (0.80 A), indicating the formation of
a classical dihydrogen complex. This is also confirmed by the
red-shift of the H-H stretching mode, from a calculated value

Adv. Funct. Mater. 2006, 16, 2061-2076

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of 4420 cm™ for free H,, down to 3458 cm™ for H,C, and by
the appearance of the Ti---(H,) stretching mode at 701 cm™.
At this stage, the H, molecule acts as a weak base, experien-
cing a small H*"H’~ polarization; however, overall it is forced
to share the positive charge residing on the Ti center. Then, at
an indiscernible expense of 0.07 eV (electronic barrier, not cor-
rected for ZPE), an electronically flexible molecule reaches
the first TS, TS1. Now, the H-H separation increases substan-
tially (to 1.05 A), but the energy needed to stretch the H-H vi-
bron is largely compensated by the formation of a multicenter
Si---H---H---Ti bonding arrangement. A large local electric
field originating from the polarized SiTi unit is able to polarize
the H, molecule (H*H*) even more; the APT charges on the
H atoms are now —0.28 and +0.32e. The polarization of H, is
achieved by the mixing of its ¢ and o* orbitals in an asym-
metric environment. TS1, like all transition states, cannot be
described by just one reasonable Lewis structure. Si and Ti
atoms are forced to share one H atom, which is at a nearly
equal distance from the two (1.87 and 1.83 A, respectively).
The other H atom is bound to Ti with a bond length of 1.80 A,
and is also still, albeit weakly, bonded to its H partner.

Subsequently, the reaction proceeds from TS1 to the Tis-
SiyHg* product. This is accompanied by an appreciable energy
gain of ca. 0.3 eV. The three-center bonds are destroyed, and
the concomitant change in the H-H distance (up to 2.24 A)
clearly suggests that the H atoms are no longer bonded togeth-
er. In more formal terms, this molecule can be called a ‘hy-
dride’.*! Ti,Si;Hg* displays an interesting bonding pattern.
There is one terminal TiH,,,, bond at 1.72 A (this H atom is,
of course, a negatively charged classical hydride), which shows
a regular Ti-H stretching frequency of 1658 cm™. The second
H, bound more strongly to Si (at 1.55 A), is still engaged in an
interaction with the acidic Ti center (at a distance of 1.97 A).
This is reflected in the vibrational spectra: the soft Si-Hyigge
stretching mode (at 1836 cm™, can alternatively be viewed as a
Ti---Hprigge bending mode) appears at twice the frequency of
the Ti—Hpigge stretching mode (at 902 cm™, equivalent to Si-—
Hyigee bending). There is almost no charge on this strange ‘in-
terstitial’ Hyrigee Species. A similar unusual bonding situation
comprising both ionic (TiHm,) and covalent components
(Si-Hprigge: -~ Ti) also prevails in the Zr,Si;Hg* analogue.

Let us return to Equation 20; TisSi4Hg* can be further trans-
formed to the cubane-like TisSizHg isomer. In this case and for
the Zr analogue, the cubane-like isomer is slightly less stable
(by 0.14 eV), but we have still examined this transformation
since it may be of importance to other related systems.

The isomerization process is associated with small energy
changes, since it is realized by the soft bending of the intersti-
tial H atom around the Si center. Indeed, the molecule climbs
only 0.15 eV from Ti,Si4Hg* to reach the TS, TS2, and then
smoothly slides down by a mere 0.01 eV to yield the final prod-
uct. The interstitial H atom does not encounter large changes
in the charge it carries: from —0.02 e for Ti4SiyHg*, to -0.06 e in
the TS, and finally to —0.09 e for Ti,Si4Hg. The Si-H bonding is
substantially covalent, as seen before for SiH,. The tetrahedral
TiySi4uHg molecule now shows regular stiff Si-H stretching
modes (at 2156-2159 cm™) and usual Ti-H stretching vibrons
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(at 1660-1673 cm™). The H---H separation is now very large,
4.40 A, and this is where the H, cleavage process (formally a
heterolytic cleavage) ends.

Of course, the Ti-Si bond gets elongated during H, attach-
ment; the Ti-Si bond length changes from 2.355 A for
TiySisHe, to 2.359 A for Ti,SisHs--Ha, 2.388 A for TSI, and
then to 2.505 A for TisSisHg*; upon reaching TS2 it increases
again (to 2.601 A), and then slightly decreases to 2.543 A for
the TiySizHg isomer.

2.3.2. Frontier Orbitals of the Reaction Substrate, Intermediate,
Transition States, and Products

It is now worthwhile to look closely at the orbital structures
of the reaction substrate, transition states, and products.
Naturally, we will concentrate on the MOs in the vicinity of the
frontier orbitals for these systems. Changes in the total electron
density, electrostatic potential, and other important MOs are
shown in Section S10 of the Supporting Information.

The H, attachment process described so far preserves the
symmetry plane, as determined by the TiSi ad-unit and the H,
molecule. Since two crucial orbitals of H, (¢ and ¢*) are both
symmetric with respect to this plane (i.e., A’), our analysis—in
the spirit of the Woodward-Hoffman rules—must take into ac-
count the A’ orbitals. A careful examination of the MO struc-
ture of TisSiyHe (Fig. 8) reveals that the HOMO is A”; fortu-
nately, the LUMO and HOMO -1 (virtually degenerate with
the HOMO) are both A’. The facile heterolytic cleavage of the
H-H bond necessarily has to involve these two MOs.

There is a moderate reorganization of the electron density
when the H,C complex is formed. The c MO of H, interacts
with the LUMO of TisSiyHg, and the o* of H, interacts with
the HOMO-1 of TisSiyHs. However, the former effect is
slightly stronger and net charge transfer (0.13¢) takes place
from H, to TisSiyHe. Indeed, the o orbital of H, is now found
at an energy >0.1 au lower than in the free molecule; its anti-
bonding counterpart ¢* is also stabilized (Supporting Informa-
tion). However, more substantial changes take place when the
reaction progresses via TS1 to TisSiyHg*, and then via TS2 to
TisSigHg. The general picture (compare Fig. 8 and Supporting
Information) must of course be such that the weak Ti=Si bond
(note orbital No.72 of Ti,SizHe, Supporting Information)™"!
and the o bond of H, are progressively substituted by two new
o bonds, TiH and SiH. This is associated with the appearance
of ¢ orbitals for the newly formed Si-H unit (orbitals Nos. 57
and 58 of TiySisHg*), as well as for the Ti-H bond (No. 68).
Analogous o orbitals for the TiySiyHg isomer are at similar en-
ergies. Finally, the interstitial nature of TS1 and Ti,Si4Hg* (i.e.,
the presence of multicenter bonds) is clearly seen in the MO
picture.

The energy scale is densely packed with many nonbonding
and antibonding states of the TisSisHe molecule possessing the
correct A’ symmetry, all available for interaction with ¢ orbit-
als of H,. Also, the broad spectrum of bonding MOs of
TisSi4Hg are available for step-by-step mixing with the virtual
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o* of H,. We argue that such flexibility of the frontier orbital
manifold is an essential feature for a prospective catalyst, and
is absolutely critical to its function. We believe that this feature
combined with adequate Ti-Si interatomic separation, and with
the sufficiently large spatial extent of frontier orbitals on Ti
and Si (which are able to spread to reach the H, ¢ and c*), en-
sures low barriers for H, attachment and detachment.

A critical question that remains to be answered is how our
findings can be useful for designing real hydrogen storage sys-
tems.

2.3.3. Practical Implications of the Ease of H, Transfer by
Ti Si Hg*

The moderate H---H separation (2.24 A) in Ti,Si;Hg pro-
vides an exciting opportunity; both the H atoms can now be
transferred to the discharged lightweight HSM in a concerted
cis manner (Fig. 9), according to Equation 21

Ti,SisHg* + X°*Y?" — {active complex} — Ti,SisHe + cis-HXYH
(21)

where XY represents the discharged, and HXYH the charged

proton-hydride HSM.BY During this process TiySisHg gets re-
activated and can be reused.

N N N

s H N Hee, s H—_
N X N X ~ X
Ti + | = Ti Ti
_~H Y | oY ” "
Si Si” Si
— ~ —

. ’ .

Figure 9. Schematic illustration of H, transfer from the hydrogenated form
of a catalyst (represented by the Si---H---Ti-H unit) to the discharged
HSM (XY). The concerted cis-specific reaction proceeds with reactivation
of the dehydrogenated form of the catalyst (Si=Ti) and yields the charged
proton—hydride HSM (HXYH).

Ideally, the H, affinity of XY should be slightly larger than
that of TisSiyHg for the reaction shown in Equation 21 to pro-
ceed. Analyzing Table 1 we notice four important HSMs with
enthalpies of dehydrogenation close to 0.4 eV, namely Mg,Si
(0.38 eV), LiH/(MgB,)1» (0.42 V), MgLi,(NH), (0.46 eV),
and Li,NH (0.47 eV) (listed as the discharged forms). These
values are slightly larger than the H, affinity of TisSiyHg
(0.49 eV), but we must remember that our gas-phase calcula-
tions at 7=0 K provide just a rough approximation, and to
some extent are method-dependent. Moreover, it should be
possible to precisely tune the thermodynamics and kinetics of
the H, detachment process on a coordinatively unsaturated
Ti=Si ad-unit by making further atom-by-atom substitutions in
the adjacent atomic framework of the molecule.’?! Alterna-
tively, one might be able to influence the H, affinity of the
>Ti=Si< entity by depositing it on various solid surfaces. We
now proceed to briefly discuss this latter possibility.
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2.3.4. Catalytic Properties of the Surfaces of Various Ti Silicides

A coordinatively unsaturated >Ti=Si< ad-unit could, in
principle, appear as a defect on appropriate surfaces (and crys-
tal edges) of solid Ti and Zr silicides. It could also perhaps
be deposited (chemisorbed, etched, or grown from the gas
phase) on other support materials with varying unit cell dimen-
sions (compare Fig. 7B and Fig. 7C). Under such conditions,
the Ti=Si bond length is expected to be controllable within
certain limits. Moreover, the thermodynamic stability of the
{HTi---H---Si} configuration with respect to dehydrogenation
(and also the associated kinetic parameters) may perhaps en-
compass a sufficiently broad range of values to be further im-
proved in comparison to the parent TisSisHg*.

A number of questions remain. Can the surfaces of various
Ti silicides (TiSi, TiSi,, etc.), generated by cracking crystallites
in high-energy ball-milling processes, serve as catalysts for H,
transfer? Could these materials be superior to the known Ti—O
and Ti-N benchmark systems, or can they at least be as suc-
cessful at heterolytically splitting H, as other catalysts (such as
the surfaces of group 6 disulphides (MoS,, WS,))? Alterna-
tively, will they be able to substitute much more expensive pre-
cious metal catalysts for large-scale hydrogenations?

Will our catalyst candidates be able to resist decomposition
in an aggressive proton-hydride hydrogen storage environ-
ment? What will be the catalytic turnover and decrease in the
Tgec value of the HSM? Will the charging kinetics be fast
enough to satisfy demands for on-board charging? Can TiSi de-
rivatives work alongside only one specific HSM, or instead can
they be versatile? The charging/discharging of a HSM is a very
complex process; the function of the catalyst is not only to
transfer Hj, but also to promote slow processes of nucleation
and growth for grains of the hydrogenation products. Will our
catalysts be able to adequately perform this task?

In order to answer these questions, we have now started pre-
liminary theoretical calculations for selected surfaces of Ti sili-
cides. However, one must realize that a complete theoretical
exploration of the rich chemistry of even one novel molecular
or solid catalyst candidate is extremely difficult, consuming of
resources, and certainly beyond the scope of one paper. We be-
lieve that answers may be available—much earlier and with
more reliability—from experiments. Extensive research is
needed to achieve breakthroughs that will bring emerging pro-
ton-hydride hydrogen storage systems even closer to practical
reversibility and low-temperature discharge, so as to finally
realize the dream of the ‘H, economy’.

3. Conclusions

In this contribution we have assembled for the first time in-
formation on the thermodynamics and thermal decomposition
of emerging (since 2002) proton-hydride solid HSMs. It turns
out that there are four lightweight chemical reservoirs (the dis-
charged forms being Li,NH, Li,Mg(NH),, Mg,Si, and LiH/
MgB,) that show favorable thermodynamics for H, attach-
ment. However, these materials suffer from sluggish kinetics

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for the charging/discharging processes and exhibit high Tgcc
values. Theoretically, these shortcomings, critical for on-board
use, might be improved by the use of proper catalysts.

We have thus concentrated on the first-principles design of
novel catalysts for the heterolytic splitting of H,. We have stud-
ied the thermodynamics of H, detachment and the associated
energy barriers for molecular catalyst candidates with a formu-
la of MyNmyHg (M=V, Ti, Zr, Hf, Nm=Si, C, B, N). These
complex molecules can be obtained from the previously stud-
ied TiyC4Hg systemsm] by deliberate isoelectronic substitu-
tions, step-by-step variation of the valence electron count, and
by transferring the idea of near-surface alloys from extended
solids to molecular systems. Systematic perturbations of the
parent TiyC4Hg molecule has helped us to prove that the rule
coupling the kinetics of a process with its thermodynamics!"
can indeed be bent.

Our results show that it may be possible to simultaneously
combine neutral thermodynamics for H, addition with fast ki-
netics. The TiySisHg molecule (with a coordinatively unsaturat-
ed > Ti=Si < unit at one edge of a Ti;Sis cube) exhibits particu-
larly favorable thermodynamics and has an unusually small
electronic barrier for H, attachment (>0.07 eV); the product
of this reaction (TisSisHg*, with one interstitial H atom) also
exhibits a very small barrier for H, detachment (>0.27 eV)
and we have studied this process in greater detail. This has en-
abled us to formulate several important prerequisites for facile
H, transfer. The remedy for kinetic obstacles lies in the unique
electronic structure and bond length of the Ti=Si unit, which is
able to form multicenter bonds with two interstitial H atoms in
the TS.

The molecular materials studied in silico here could indeed
be precursors for genuine catalysts for the heterolytic splitting
of H,. However, as our knowledge of these systems is still frag-
mentary and we have just studied a narrow set of molecules
here, the properties of these and related systems need to be
verified by experimental efforts. Our results suggest some
promising directions for experimental research: a) TisSisHe
and its derivatives (for example, [(Cp);Tiz][SizCl;5][TiSi]) may
be possible to synthesize in noble gas matrices, and can subse-
quently be used for H, attachment; b) chemical substitutions
in the atomic framework of Ti;Si4Hg may lead to organometal-
lic compounds that are carefully crafted to function as cata-
lysts; ¢) > Ti=Si < ad-units can perhaps be chemisorbed on var-
ious support materials (such as the (110) surface of HfC) in
order to influence the thermodynamics and kinetics of H,
attachment in a desired direction; and d) defects resembling
>Ti=Si< ad-units can perhaps be generated on surfaces and
edges of solid Ti silicides (for example, by ball-milling) and
tested for their catalytic activity.

4. Experimental

Computational Methods: Our DFT computations were performed
with the B3LYP correlation-exchange function. We used Pople’s basis
set (6-311++G** for C, Si, H, B, and N, and the largest set available, 6-
31G**, for Ti and V). The Stuttgart-Dresden (SDD) pseudopotentials
[53] were applied for Zr and Hf, followed by a standard double zeta ba-
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sis set. These effective core potentials, parameterized consistently for
all atoms up to At, largely account for relativistic effects, and have
proven to be very successful in reproducing the experimental proper-
ties of the hydride/methylidene complexes of Zr and Hf [54].

Test calculations for Ti,C4Hg showed that the SDD results were es-
sentially identical to those with Pople’s basis set (6-31G**) for a transi-
tion metal atom, and were also similar to results obtained using the Los
Alamos LANL2DZ pseudopotential (see Secs. S1 and S2 in Supporting
Information) [55]. The differences between the SDD and 6-31G** re-
sults were particularly small: 0.001 A for the Ti-C and Ti-H bond
lengths, a minor deviation of +0.04 e in the value of APT charges on
atoms, no more than 0.001 au (<0.003 eV) discrepancy for the energy
of the frontier orbitals, and negligible differences in the Mulliken elec-
tronegativity and Pearson hardness of the molecule. This agreement of
the essential molecular features as computed by two different methods
gave us confidence in the SDD results for molecules containing Zr and
Hf (the complete 6-31G** basis set was not available for these heavy
elements). The SDD results for enthalpies of H, detachment also dif-
fered only negligibly from the 6-31G** ones. For example, the test
SDD calculation gave +1.01 eV (the non-zero-point vibrational energy
(non-ZPVE) corrected H, detachment enthalpy for Ti;C4Hg), whereas
the 6-31G** (Ti) set gave +1.02 eV.

We want to stress that we may not have always found an absolute
minimum on the complex potential energy surface for a system with
4M, 4Nm, and 8 H nuclei. However, the ‘cubane-like’ and ‘interstitial
hydride’ minima are very important for our results here, and may serve
as cluster models for H, chemisorbed in two different ways on MNm
adatoms attached to the (110) surface of corresponding MNm solids.
This can be of great value in practice, since the computational effort is
much smaller for molecular calculations than for ab initio treatments
of periodic systems with large unit cells (an accurate model for ‘non-in-
teracting defects’). We treat the calculations for molecular models as a
prelude to more computationally exhausting studies of related ex-
tended systems [56].

All the minima were tested for harmonic frequencies, and did not
yield any imaginary values. One imaginary value was seen for the TSs,
as listed in the Supporting Information. The reaction energies (calcu-
lated at T=0 K) were corrected for the ZPE; these corrections were
usually small (up to 0.15 eV) and usually promoted substrates for H,
detachment reactions due to the large ZPE of the H-H oscillator. Typi-
cally, our molecules have an even number of valence electrons and thus
we studied only the singlet states. However, for several promising sys-
tems (such as for Zr,SiyHs, which, formally might contain a Zr(III)
dYSi(I1I) (s,p)! or a high-spin Zr(II) d%Si(II) group), we also consid-
ered triplet states. It turns out that the singlet state is favored (the low-
est-lying triplet state is 0.54 eV above the ground state, i.e., 0.52 eV
after ZPVE correction, for Zr;SiyHg).

The correct assessment of reaction enthalpy at 298 K requires knowl-
edge of the A[pdV] and A[C,dT] terms, which are usually small in com-
parison to the ZPVE-corrected electronic energy changes. As shown by
calculations for various hydride materials, the reaction enthalpy typical-
ly differs only very little from the ZPVE-corrected reaction energy [57]
because of the cancellation of these additional terms for all substrates
and products. Therefore, in this work we have interchangeably used the
expressions ‘reaction energy’ and ‘reaction enthalpy’.
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