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1. EXECUTIVE SUMMARY/INTRODUCTION 

Hydrogen generation from materials in nuclear materials storage is of critical interest due 

to the potential for pressurization and/or flammability issues.  Studies have focused on 

aqueous systems or those with minor amounts of physisorbed water, since conventional 

knowledge identifies the radiolytic decomposition of water as the source of H2 gas.  

Furthermore, the approach to characterize gas generation is typically strictly empirical, 

relying on determination of G-values from which production in systems is estimated.  

Interestingly, exploratory work at SRNL1 on gamma exposure to fully-dried solids with 

chemically-bound water that are typical of those produced on aluminium-clad nuclear 

fuel in reactor and post-discharge storage has shown a profound production of hydrogen 

(as the sole gaseous species) from fully dried boehmite (γ -AlOOH or Al2O3•H2O) 

powders and no observable hydrogen from gibbsite (γ-Al(OH)3 or Al2O3•3H2O) under 

gamma irradiation from cobalt-60.  This observation is significant in that gibbsite is 

known to thermally decompose at 80°C whereas boehmite is stable to 400°C.   

Radiation damage can have various effects on solids, including heating, bond breaking, 

and rearrangements in the bonding structure.  For example, a molecule can be ionized 

resulting in the generation of free electrons which can, in turn, ionize another molecule.  

Alternately, reactive radical species such as •OH or cation species may be formed, which 

can go on to change bonding structures. 

 
Boehmite Gibbsite 

Fig 1.  Boehmite and gibbsite crystal bonding patterns, representing the crystalline 
orthorhombic dipyramidal and dioctahedral solids, respectively. 
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1.1. GAS PHASE CALCULATIONS 

Preliminary gas phase calculations of hydrogen atom removal from single-molecule 

models of boehmite and gibbsite were completed.  Although these results have higher 

accuracy than solid phase modeling for energetic predictions, they should not be 

considered definitive, as structures vary from the overall bonding pattern in the extended 

crystalline solid.  In qualitative agreement with the trend in experimental results, 

calculations indicate that removal of a hydrogen atom is energetically more favorable 

from boehmite than from gibbsite.  The estimated energy barrier for H-atom loss from 

boehmite is +7.3 eV and for gibbsite +7.9 eV (Fig. 2).  The overall reaction energy for H-

loss from the boehmite gas phase model is +4.80 eV, compared to +4.98 eV for the 

gibbsite (Fig. 2) gas phase model.  The increased stability for boehmite relative to 

gibbsite, at least in the gas phase model, may be explained by the ability of the remaining 

electron to be delocalized over two bonds, whereas in gibbsite it is more likely to be 

localized on one bond due to a high resonance barrier.  These calculations were 

performed using density functional theory (DFT), specifically with the B3LYP functional 

which is composed of Becke’s three-parameter hybrid exchange functional2 in 

conjunction with Lee, Yang and Parr’s correlation functional.3  The correlation-consistent 

polarized-valence double zeta cc-pVDZ basis set of Dunning and co-workers4 was also 

used, as implemented in the commercial software package Gaussian09©.5 
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a) Concept of energy barrier and reaction energy for removal of hydrogen from 

a molecule or extended solid. 

 

+7.29 eV reaction barrier 
c) Boehmite      +4.8 eV reaction energy 

 

         

  

+7.92 eV reaction barrier 
c) Gibbsite      +4.98 eV reaction energy 

Figure 2.  Reaction Barrier diagram and gas phase reactions of removal 
from hydrogen from single-molecule models of boehmite and gibbsite.  Bond 
lengths given in Angstroms. 
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1.2. SOLID PHASE CALCULATIONS 

Solid phase crystal structures and energetics were computed using Materials Studio 

CASTEP.6  The bulk crystal structure geometries have been optimized using DFT 

(Fig. 3).  The generalized gradient approximation (GGA) Perdew-Burke-Ernzerhof 

functional (PBE)7 was used for all computational work at a fine quality integration grid.   

The gibbsite structure crystallographic file was obtained from Pearson’s Crystal Data,8 

optimized and cleaved on the (001) face.  The boehmite structure used was also obtained 

from Pearson’s Crystal Data and cleaved on the (010) face.9  The boehmite structure is 

not agreed upon with the confidence as that of gibbsite, however it is generally only the 

hydrogen bonding pattern between layers that is not well-characterized,10 and the possible 

variations are not expected to make a large difference in the relative energies of reactions 

on the surface.    

Two model reactions were considered in order to estimate the relative likelihood of 

hydrogen generation from the two aluminum hydroxide species.  In the first, a hydrogen 

radical is released from the surface (Fig. 3).  In the second, a hydrogen free radical is 

adsorbed onto the surface and an H2 molecule is subsequently released (Fig. 4).  For all 

reactions considered, the initial and final geometries are optimized to a local energetic 

minimum structure, followed by a linear synchronous transit (LST) computation to 

estimate the energy barrier of the reaction.  For both types of model reactions, 

computations indicate hydrogen loss is more favorable for boehmite than for gibbsite.  

Modifying the model with a larger vacuum slab above the solid crystal may also help to 

yield accurate overall enthalpies of reaction (although barrier heights are expected to 

remain the same).  That is, in modeling the energy for H-atom removal, the hydrogen is 

effectively pulled from the cleaved crystal surface, however, it may not reach a stable 

final energy as a detached species as it is attracted (back to) the crystal surface. 

Also, changes to the surface were explored by calculating relaxation energies for the 

H-deleted boehmite and gibbsite surfaces.  This estimates the energy gained by 
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rearrangement of the geometric structure of the surface after the removal of an H atom.  

In the cases considered, the boehmite surface showed 1.83 eV relaxation energy, whereas 

gibbsite was only stabilized by 0.06 eV.  Further studies of bonding rearrangements on 

the two surfaces may be of interest to compare how the remaining radical is stabilized in 

the two species. 



Page 6 of 9  SRNL-STI-2011-00630 
 
 
 
 

 
a)  Estimated energy for H atom removal from boehmite surface. 

 
b)  Estimated energy for H atom removal from gibbsite surface. 

 
 

Figure 3.   Energy barrier diagrams illustrating removal of one hydrogen atom 
from the boehmite and gibbsite surfaces.  For the gibbsite case, no barrier was 
found in the LST computation.  
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a)  Estimated energy for H2 removal from boehmite surface. 

 

 
b)  Estimated energy for H2 removal from gibbsite surface. 

 

Figure 4.  Energy barrier diagrams illustrating removal of a hydrogen (H2) molecule 
from the boehmite and gibbsite surfaces - starting structures were optimized 
structures with an extra hydrogen atom adsorbed. 
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2. CONCLUSIONS 

An initial investigation of hydrogen bond energies was performed to provide insights to 

explain the experimental observations of hydrogen generation during gamma irradiation 

of hydrated oxides of aluminum.  The results show qualitative agreement with the 

experimental findings, that hydrogen generation is more favorable from boehmite than 

gibbsite.  Future extension of this investigation will be planned.   
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