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The temperature, Tqec, at which a binary chemical hydride decomposes to its con-
stituent metallic or nonmetallic element and molecular hydrogen represents one im-
portant indicator for its potential use as a hydrogen-storage material for mobile and
stationary applications [2]. Ideally, T4ec for a hydride should be within the range
60—-100°C for use with a polymer electrolyte (proton exchange) membrane fuel cell
[3]. So far there were no simple guidelines to rationalise the wide variation in Ty,
amongst the binary hydrides of the chemical elements. Recently, Grochala and
Edwards have found a surprisingly simple correlation between T, and a widely-re-
cognised and a characteristic property of the metal or nonmetal center bound to the
hydride ion in MH, species, viz. the value of the standard redox potential, E°, for the
M™/M" redox pair in acidic aqueous solutions [4].

In Figure 1 is shown the dependence of Taee with E” assembled for a wide range
and variety of binary hydrides of metallic and nonmetallic elements notably: Li, Na
(monohydrides), Be, Mg, Ca, Sr, Ba, V, Zn, Cd, Hg (dihydrides), B, Al, Ga, Y, Er, U,
Pu, P, Sb (trihydrides), and Sn (tetrahydride). The thermal decomposition of a binary
hydride, described by the general equation: M™(H "), — M°+n/2 H,, is facile (ther-
modynamically and kinetically) for chemical hydrides containing electronegative
metal cations such as Hg2+, Sb>" etc., which facilitate the oxidation of hydride anions,
but inhibited for hydrides containing electropositive cations which are difficult to re-
duce (such as Li", or Ba®™").

*This paper is dedicated to memory of Professor Piotr K. Wrona, eminent Polish inorganic electrochemist[1].
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Figure 1. Correlation between the temperature, T gec, at which thermal decomposition of binary hydrides
MH, to the constituent elements proceeds, and the corresponding standard redox potential of
the M™ /M redox pair in the acidic aqueous solution, E’, vs. NHE. Hydrides which store hydro-
gen reversibly are those in the top box. Hydrides reversible only under large or extreme pres-
sures are shown in the middle box. Hydrides storing hydrogen irreversibly are those in the
bottom box. Symbols of chemical elements together with their formal valence are shown for
chosen hydrides. The ranges of the working temperatures for prototypical of fuel cells are also
shown. The E° values for H,/2H-and H*/H™ redox pairs are indicated. Thermal stability of a bi-
nary hydride (point between Sb** and Hg*") may be increased by complexing of the M™* cation

with chelate ligands (point between B** and AI*"); this results in a decrease of the E® value (as
shown by arrows).

The relationship between Tgec and Eholds over a range of some 850 K in Taec, and
over4 Vin E’; it may be rationalized in terms of the red-ox (electron transfer or reduc-
tive H, addition) reaction, by a model of avoided-crossing between electronic states
of the central metal or nonmetal and hydrogen [5]. The detailed analysis of the rela-
tionship between Ty, and E°, possible exceptions from this behaviour for binary hy-
drides, and extension of the presented relationship to ternary and complex hydrides,
have been discussed in detail elsewhere [4].

Another correlation of the utmost importance for control of the Ty, value —obvio-
usly interrelated with the one from Figure 1 —is that between Taec and AH § (standard
enthalpy of a hydride formation per one mole of H) [4]. It is shown in Figure 2.
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Figure 2. Correlation between the thermal decomposition temperature, Tqc., and the corresponding stan-
dard enthalpy of a hydride formation per one mole of hydrogen, AH{. The T 4 value of a ther-
modynamically and thermally unstable hydride of a metal cation M"™" (lower circle) can be
substantially increased if M™" is specifically complexed by a chelate ligand (upper circle).
Novel hydride results of increased thermodynamic and thermal stability (red point), while its
free Gibbs energy benefits from both the enthalpy and entropy of complexation (as indicated
by arrows).

Note that the relationship between Tqec and AH ¢ is nearly linear, due to predomi-
nant contribution of the entropy of gaseous H» to the standard entropy of the decom-
position reaction (most of important hydrogen stores are solids). Importantly, the Ty,
value of a thermodynamically and thermally rather unstable hydride of a metal cation
M"" can be substantially increased if M"" is specifically complexed, particularly by a
chelate ligand, L. Novel hydride, {ML}H,, results of increased thermodynamic and
thermal stability, while its free Gibbs energy benefits from both the enthalpy and en-
tropy of complexation (see Figure 2). Analogous effect in terms of the decrease of the
E’ value is shown in Figure 1.

It seems at the first sight that several binary and ternary hydrides have attractive
values of Ty, for their potential incorporation into low-temperature fuel cells. Thus,
one identifies ZnH, (T4, = 90°C, 3.0 weight % hydrogen), the borohydride Zn(BH,),
(Tygee = 85°C, 8.4 wt %), the potassium-silicon(I) hydride KSiH; (T 4. = 70°C, 4.3 wt
%), CuH (T4, = 60°C, 1.5 wt %), or the lithium gallium(III) hydride LiGaH, (T4, =
50°C, 3.7 wt %). Unfortunately, these compounds, with the possible exception of zinc



1090 W. Grochala

borohydride [6], cannot store a sufficiently high weight % of hydrogen (for example,
to come close to the U.S. DOE target value of 6.5 wt%), their decomposition is kineti-
cally irreversible, and their production is expensive. Thus, necessity appears of ap-
plying catalysts of H, evolution and reabsorption in combination with the highly
efficient hydrogen stores.

Classical hydrogen stores, which constitute natural environment in which pro-
spective catalysts of the H» evolution and reabsorption are finely dispersed, are the
powerfully reducing chemical species (typically M(H),, M(AIH,),, or M(BH,),,, whe-
re M=Li, Na, Mg, Al etc.). Remarkably, the E’ values of hydrogen stores are typical-
ly lower than—1.5 V and can exceed —2.5 V in some cases. The list of chemical species
which could withstand such ruthless conditions is, of course, enormously limited.
Idea arises to use systems allowing for a reversible 2e¢ redox reaction while shifting
the whole process into the region of strongly negative E’ values (by chelating of the
metal cations involved in catalytic process [ 7]). Strength of the complexation of a me-
tal cation involved in catalytic process should be adjusted very precisely (so that cata-
lytic activity is not lost), and should be different for each cooperating hydrogen store.
Indeed, the thermodynamic stability of an oxidized form of a catalyst should be simi-
lar (and only slightly smaller) than that of a hydrogen store itself, thus allowing for the
efficient and low-barrier transfer of H, between hydrogen store and the gas phase (Figure 3).
The hydrogen store itself should not be thermodynamically very stable, to avoid cost-
ful enthalpic effects while decharing the reservoir, and thermal overrun while char-
ging it [8]. The reduced form of a catalyst should coexist with an empty hydrogen
store, while thermal H, desorption should take place through the oxidized form of the
catalyst (the latter should coexist with a charged hydrogen store). Importantly, even
the reduced form of a catalyst —if it still contains metal species in a positive oxidation
state — should not be further irreversibly reduced by — once decomposed — hydrogen
store, a task which is not easy to meet (typically a reactive and very electropositive
metal, such as Li, Mg, Al, or their mixture, and sometimes a secondary very stable hy-
dride, such as LiH [9] or NaH, result from the decomposition of hydrogen stores).

Oxidative addition to CAT

Figure 3. Scheme of the catalytic action in the process of H, reabsorption and evolution from the hydro-
gen store (HS), facilitated by a catalyst (CAT). “red” stands for the reduced, and “ox” for the ox-
idized form of the catalyst. Note that both processes involved in the catalytic pathway of the
reaction should be not far from the thermodynamic equilibrium at ambient conditions (p = 1
atm, T =25°C), so that the reabsorption of H, can occur under small H, overpressure (several
bar), while H, evolution can take place at relatively low temperature (60-90°C).
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The present correlations (Figures 1 and 2) suggest that use of compounds of Ga®*
[10], V3", Cr*", V¥, Cr*", and particularly those of cheap and readily-available metals
or semimetals, Ti*' [11], Ti**, Fe?", Ni**, Si* [12], Si**, and Ge?", as catalysts for hy-
drogen evolution from the cheapest hydrogen stores, such as NaBH, (< $100 per 1 kg
of stored hydrogen), NaH, LiAlH4 or MgH>, may be a highly effective route toward
these targets.

Thus, high storage capacity and moderate kinetic reversibility of hydrides of li-
ght, highly-electropositive metals (e.g. MgH,) might ultimately be married with the
low decomposition temperature of hydrides of the more electronegative chemical
elements of the Periodic Table. This will allow to deliberately tune up the value of Ty,
[13] toward the desired temperature region of 60—100°C, and provide the dream hy-
drogen store for the transportation of the future [14].
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