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Abstract

A remarkable finding of metal hydride hydrogen storage is that substituting 4 mol % sodium by potassium in 4 mol % Ti-
doped NaAlH, raises the reversible hydrogen storage capacity from 3.3 % w/w H to 4.7 % w/w H. This increase by 42 % is
concomitant with a slightly lower desorption enthalpy: intriguingly enough, it is substantially more hydrogen capacity at
slightly less desorption enthalpy. The general solution to that puzzle has been already derived from a gas phase point of
view, taking advantage of the equilibrium nature of the matter, which thus comes in terms of an ideal gas chemical
potential. However, it is also interesting to investigate for the flipside effect in the sorbent phase, affecting molar volume.
This paper elucidates by the example of K/Ti-co-doped NaAlH, the relation of doping modifications to surplus hydrogen
amount and hydride molar volume, defining the term “reaction pathway” in this context, yielding the according figures.

1. Introduction

At times, there are reactions which epitomize virtually a whole field of chemistry as embracing most
or all the concepts vital to it: an example for fundamental organic chemistry is the rearrangement of
furfuryl alcohol to 4-hydroxycyclopent-2-en-1-one under acidic aqueous conditions." Ti-doped
NaAlH, assumes a likewise role in metal hydride chemistry,” especially if co-doped with
potassium:®’ WANG et al found in 2005 that substituting a mere 4 mol % Na by K in Ti-NaAlH, raises
the reversible hydrogen storage capacity from common 3.3 % w/w H to 4.7 % w/w H.° That is one
outstanding finding about NaAlH,, maybe only second to the discovery of Ti-catalysis itself.> Oddly
enough, that massive increase in hydrogen storage capacity by 42% leaves the van’t Hoff reaction
parameters virtually unscathed; actually the global desorption enthalpy is with 38.90 kJ (mol H,)™
slightly lower than the 40.57 kJ (mol H,)™ of the mono-doped system: So it is substantially more
hydrogen capacity at slightly less desorption enthalpy? That tells something of significance although
nobody except the author seemingly ever attempted to make global sense out of that: the point
about the equilibrium nature of reversible chemical hydrogen storage and doping effects has already
been made from a gas phase perspective.®® While that general solution comes in terms of hydrogen
gas chemical potential,®® i.e. temperature and pressure, switching perspective from gas to sorbent
phase thermodynamics entails a change in metrics towards sorbent phase molar volume: That way
the flipside manifestation of a chemical potential change in the gas phase shows in the equilibrium
system. This principle enables the assessment of metal volume expansion upon hydride formation
on the sole basis of van’t Hoff data as well as identifying the pressure requirements to the formation
of a distinct hydride phase.'® However, the principle reaches further as it must ultimately allow
insight into how doping respective thermodynamic tailoring effects materialize in the sorbent phase:
This paper examines that relation between dopant, sorbent phase molar volume and surplus
hydrogen amount by the example of K/Ti-co-doped NaAlH,.
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2. Methodical Approach

A work primarily concerned with metal volume expansion upon hydride formation shows the
conditional threshold pressure to hydride phase formation being given by the relation of equation 1,
derived by means of the ideal gas law for the exemplary problem of [AlH,]-formation in Ti-NaAlH,.*
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m, NaAlH4

AH
bar cm?® (mol H,)™* = SV | (AH > 0) (1)

'm, NaAlH4

Joule is expressed as bar cm?, the reaction enthalpy AH represents the 40050 J (mol H,)™ of
BoGDANOVIC et al.? ¥ naaing is the hydrogen equivalent molar volume of the NaAlH, phase: It is
generally obtained by adjusting the geometric mean molar volume of all hydride phases (due to the
transient nature of that quantity) to the stoichiometric weight of a distinct hydride phase in the
reaction equation in relation to the hydrogen equivalents (equations 2a to 2c)."

NaAlH, = 1/3 NasAlHg + 2/3 Al+ H, & NaH + Al + 0.5 H, (2a)

Vi Naalna = 43 cm® mol™ Vin,Na3aie = 70 cm’® mol™ Vi Na-Al-H = \[43 - 43 - 70 cm® mol™ ~ 51 cm® mol

1 mol Na-Al-H [for balance with V,, y,a.u] 1 mol NaAlH, [MH mol equivalent]

Vi, naatt = Vin, na-att 2/3 mol NaAlH, [MH stoichiometric weight] 1.5 mol H, [total # mol H,) (2b)
=51 cm?® (mol H,)™*
_ 1 mol Na-Al-H 1 mol NazAlHg
Yin Naaaine = VinNa-at 77 /3 mol NasAlHg 1.5 mol H; (2¢)

=102 cm® (mol H,)™*

On that basis it can be investigated how doping respective thermodynamic tailoring effects
materialize in metal hydrides.

3. Results

It is reasonable to relate the effects caused by KH-doping with the next stable mixed alanate
K,NaAlH,’ as KNa,AlH; is instable.*>** Its density is calculated by the entropy method,’® on basis of
the data of S@RreY et al,™> as shown in equations 3a to 3c; the required NaH and Al densities base on

14,15

Rompp’s chemistry lexicon,” " those of KH on data provided by American Elements.

K,NaAlHg = 2 KH + NaH + Al + 1.5 H, (3a)
AS =-15.04 bar cm® (mol H,)* K*

T°AS
Xi2NaAlHE = — p° Vot = AV, =0.1809 (3b)
an + 2 +
Pm= Bnat fKH—pAl =176 gcm™ (3¢)

P =1.470gcm™ Prnan = 1.396 g cm pa=2.702gcm?
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Based on this result, the crystal density and molar volume of K,NaAlH; is calculated according to
equation 4a and 4b.

W = (-1) (0.1809 - 1) p,, = 1.44 g cm” (4a)
MW onanms = 134.22 g mol™ (ab)

Vin k2naais = 93.21 cm® mol™ = 93 cm® mol™

The doping effect in the sorbent is indirectly determined via gas phase thermodynamics: starting
from a gas volume at IUPAC standard temperature and pressure (STP), introducing the sorbent
phase entails hydrogen absorption respective hydride formation. This causes a pressure drop from
p° to py, and the chemical potential of the gas phase is excursed from p° by uy, = —AH accordingly
(AH > 0);° the extent of this excursion is a measure for the hydrogen capacity. Re-establishing a
pressure of 1 bar above the sorbent requires the temperature Ty, = AH/AS. Equation 5 depicts the
absorption process in terms of gas phase chemical potential with the RT-term expressed as p°AV,,.

o o o p_a
W=tz = P° (Vi = Vim,m2) In (PHz) (5)

Equation 5 refers to the single sorbent; the difference between two sorbents is shown in equation 6:
the initial Ti-NaAIH, system is tagged u,, the K/Ti-co-doped system p,, accordingly.

(1= pt2) = (1° = ) = P° ((Vin" = Vin,1) = (Vin" = Vim2)) In (57) @

2

o p
= Mz = H1=P° (Vin2= Vi, 1) In (;1)

Standard pressure is drawn into the In-term and equation 6 is e-functioned, leading to equation 7.

p2

)" exp (Vin,2 = Vin,1) = exp (1 — pa) (7)
)

In the standard state applies p, = p; = p° from which follows that the difference of the chemical
potential excursions from p° featured by each hydrogen sorbent, u, — u,, is equal to the difference of
the respective ensuing gas phase molar volumes: that can be alternately expressed in relative terms
to u, respective V,, 1, as equation 8 shows.

VmZ_Vm

Ko—H
exXp (Vina = V1) =exp = ps) = exp( v )=exp(2ul ) (8)

The molar gas phase volumes in equation 8 translate via the hydrogen equivalent metal hydride
molar volumes ¥, to the respective average hydride phase molar volumes V., (equation 2b). The
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surplus hydrogen amount of the co-doped system relative to the initial system is obtained by taking
the derivative of equation 8 with reference to the molar volume exponent. Because the derivative of
e with reference to x is €”, the result can be approximated by a Maclaurin series which stops after
the first order (linear) coefficient: That is because the ideal gas reversible hydrogen capacity scales
linearly in increments of pis° = —12033 J (mol H,)™ per [1 % w/w H] storage capacity in relation to the
negative desorption (thus absorption) enthalpy —AH of a reaction pathway (AH > 0).? Equation 9
shows the according calculation of the relative difference in hydrogen capacity between both
reaction pathways: the mean hydride phase molar volume of the potassium co-doped Ti-NaAlH, is
tagged Vi, najcarn, those of the solely Ti-doped NaAlH, is termed Vi, na-aln-

(NaH)o o6 + (KH)o0s + Al — 0.02 K,NaAlHg + 0.94 NaAlH, + 0.02 Al (9)

0.02 K;NaAlHg + 0.94 NaAlH, + 0.02 Al = 0.02 K,NaAlH¢ + 0.94 (NaH + Al + 1.5 H,) + 0.02 Al

4 - - -
Vi /i = \[(0.94) (43 - 43 - 70) (0.02 - 93) cm’ mol™ = 21.81 cm® mol™ ~ 22 cm® mol ™

3 _ R
Vi Naalt = \[43 + 43 - 70 cm® mol™ = 51 cm® mol™

d (exp (_m,Na/K—AI-H _ ))
Vin, Na-AkH - ex (Vm Na/K-Al-H 1) ~1 Vim Na/K-Al-H

= + -1=+043
d (Vm Na/K-Al-H _ 1) Vm,Na—AI-H Vm, Na-Al-H

Vm, Na-Al-H

Equation 9 tells that 43 % more hydrogen capacity can be expected from the co-doping process with
potassium and multiplying the 3.3 % w/w H of the solely Ti-doped NaAlH, system with 1.43 yields a
hydrogen storage capacity of 4.72 % w/w H for the K-co-doped Ti-NaAlH, system. WANG et al report
4.7 %w/w H so already this deviation of 4.3 %o is below the resolution of that figure; correcting the
outcome by the factor 0.99 (surplus aluminium) yields in fine agreement 1.4157 ~ 1.42 as result.

4. Discussion

Equation 9 shows that the co-doping process creates a new reaction pathway of lower average
hydride phase molar volume; however, it is to consider that the new pathway is embedded at
dopant concentration into the base equilibrium system and due to the stability of K,NaAlHg of 98.2
kJ (mol H,) %, it is supposedly effective in the absorption reaction only. Thus it is barely recognizable
in the apparent thermodynamic reaction properties. Speaking of reaction pathways, this term lacks
proper definition in this context: equation 9 suggests one on basis of the hydrogen equivalent molar
volume ¥, of a distinct hydride phase, to which the (doped) reaction sum formula and the
stoichiometry-weighted geometric mean metal hydride phase molar volume are vital. Equilibrium
interoperability of the newly created phase with the base system is therefore a qualitative
requirement to successful doping for higher hydrogen storage capacity. The lower average hydride
phase molar volume reflects the increase in specific energy. That principle might be in adjusted form

16,1 . .
817 which is however

of further avail to understanding the nature of Ti-catalysis in NaAlH, better,
beyond current scope. The K/Ti-co-doped NaAlH, system represents a most impressive and
instructive example for successful thermodynamic tailoring: it appears strange that the two most

recent, quite voluminous alanate reviews do not mention its remarkable features — at all.*?
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Asking why that might be the case is tempting but would lead the narrative away from its
conclusion: This work’s findings substantiate once more that a comprehensive, convergent
understanding of reversible chemical hydrogen storage requires essentially just the ideal gas law and
classic equilibrium thermodynamics, irrespective of whether scope rests on the properties of the gas
or the sorbent phase. That may be called either old-fashioned or timeless: in any case, this way of
approaching the matter rewards with convergence in outcome and insight without any need to
jettison scientific consistency at any level. The difference between this view and the status quo

(ante) scientific consensus may be brought to the fore of the mind in contrast to two fairly recent

high-profile epitomes of the latter.'®*

5. Conclusions

The substantial increase in hydrogen storage capacity by 42 % resulting from potassium co-doping of
Ti-NaAlH, can be traced down to a reaction pathway of lower average hydride phase molar volume,
in the event arriving at a general, contextual first-time definition of the term “reaction pathway”.
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