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Abstract
Hydrogen uptake and accommodation into U3Si2, a candidate accident-tolerant fuel system, has been modelled on the atomic scale using the density functional theory. The solution energy of multiple H atoms is computed, reaching a stoichiometry of U3Si2H2 which has been experimentally observed in previous work (reported as U3Si2H1.8). The absorption of hydrogen is found to be favorable up to U3Si2H2 and the associated volume change is computed, closely matching experimental data. Entropic effects are considered to assess the dissociation temperature of H2, estimated to be at ~800 K – again in good agreement with the experimentally observed transition temperature.

U3Si2 is one of the leading candidate fuel materials to be implemented as part of an accident tolerant fuel for light water reactors – combined with a robust cladding material such as a SiC-SiC composite or advanced metallic cladding [1].
Manufacturing and operation of U3Si2 for accident tolerant fuel applications requires a considerable effort to ensure that all properties and behaviours are known, in order to assess fuel performance and tolerances required to fully license the material [2]. Development of synthesis methods and characterisation of the material has been fast-paced and many vital properties such as the thermal conductivity, thermal expansion and sinterability of the material have been successfully determined [3]. In order to achieve acceptable mechanistic models to understand the in-reactor behaviour of the material, experimental observations can be used to validate provisional mechanistic models, provided through methods such as atomic scale simulation. Modelling, using density functional theory (DFT) and other methods, has been performed in a few cases and highlighted some key characteristics of the U3Si2 system – including stoichiometry deviation [4][5][6][7]. Recently, the DFT+U approach by Noordhoek et al. [8] was successful in describing the structural, elastic and thermodynamic properties of U-Si compounds, although the experimentally observed Pauli paramagnetism of U3Si2 [9][10] is naturally not reproduced by this method due to its inherent limitations. 
In work by Mašková et al. [9], the uptake of hydrogen into the U3Si2 system was observed, which induced a magnetic phase transformation to ferromagnetic behaviour. The system was observed to take hydrogen to form U3Si2H1.8 with an error of ~10% in the H content (owing to resorption in the system). It was also observed that the hydrogen uptake yielded a volume expansion of ~10%. In a recent paper, hydrides were observed consistent with the phase reported by Mašková et al. [9], after U3Si2 reactions with steam representative of pressurized water reactor operating conditions [11].
In this work, the Vienna Ab-initio Simulation Package (VASP) was used with the PBE-GGA exchange correlation [12][13]. The projector augmented wave (PAW) library that is distributed with VASP was used with a cutoff energy of 520 eV for each calculation. The convergence criterion for geometry optimization was set to 10-3 eV/Å and 10-5 eV for the electronic minimization. Spin polarization was considered. A Gaussian smearing scheme was used with a width of 0.2 eV. A 1.5 eV effective Hubbard correction was applied to the f-electrons of the U atoms as applied in previous work on U3Si2 [14]. The k-point spacing was set to 0.3 Å-1 or finer. All simulations were performed at constant pressure – allowing the cell size and shape to vary.
Hydrogen gas was modelled as a dimer in a large box and a binding energy of ‑2.27 eV was computed per atom (which agrees well with the literature value of -2.26 eV per atom [14]). The vibrational entropy of the H2 molecule was considered in order to attain a temperature dependence on the energy of solution (similar to previous work considering O2 release from peroxide solids [15] in which the vibrational entropy of the solid phases was estimated to largely cancel). The values for the H2 entropy were taken from the literature values provided by NIST-JANAF [16].
Hydrogen uptake into the U3Si2 structure (with structure P4/mbm [10]) was considered on a number of interstitial sites. Uranium atoms take up the 2a (0.0, 0.0, 0.0) site as well as the 4h (0.1821, 0.6821, 0.5) site whilst Si occupies the 4g (0.3841, 0.8841, 0.0) site. This leaves the 2b (0.0, 0.0, 0.5), 2c (0.0, 0.5, 0.5), 2d (0.0, 0.5, 0.0) sites as well as the 4e (0.0, 0.0, z), 4f (0.0, 0.5, z), 4g (x, x+0.5, 0.0) and 4h (x, x+0.5, 0.5) sites and the 8i (x, y, 0.0), 8j (x, y, 0.5) and 8k (x, x+0.5, z) (the 16l site (x, y, z) was reported when an atom relaxed to this position). 
Hydrogen uptake at interstitial sites was initially investigated by predicting the preferential single interstitial site and then progressively filling the structure. The single H interstitial solution energies are summarized in Table 1 and correspond to a stoichiometry of U3Si2H0.25.




Table 1 - Summary of solution energies of ½H2 into U3Si2 on various sites (the most favourable site is shown in bold font).
	Wyckoff site
	Fractional position in unit cell
	Solution Enthalpy (eV)
	Comment

	2b
	(0.00, 0.00, 0.50)
	-0.54
	Relaxed to 8j site (0.90, 0.24, 0.50)

	2c
	(0.00, 0.50, 0.50)
	0.27
	-

	2d
	(0.00, 0.50, 0.00)
	1.91
	-

	4e
	(0.00, 0.00, 0.75)
	-0.66
	Relaxed to 16l site (0.90, 0.03, 0.52)

	4f
	(0.00, 0.50, 0.63)
	0.26
	-

	4g
	(0.35, 0.85, 0.00)
	1.01
	Relaxed to 8i site (0.49, 0.99, 0.00)

	4g
	(0.27, 0.23, 0.00)
	-0.05
	-

	4h
	(0.10, 0.40, 0.50)
	-0.08
	-

	8i
	(0.25, 0.62, 0.00)
	-0.18
	-

	8j
	(0.38, 0.47, 0.50)
	-0.53
	-

	8j
	(0.90, 0.03, 0.50)
	-0.66
	Relaxed to 16l site (0.90, 0.03, 0.52)

	8k
	(0.30, 0.80, 0.25)
	0.23
	Relaxed to 4h site (0.40, 0.90, 0.46)



 Solution on the 2b site was predicted to proceed with an energy of -0.54 eV, 2c with an energy of 0.27 eV and onto the 2d site with an energy of 1.91 eV. The 4e interstitials considered relaxed to other positions (for example the 16l site). The 4f interstitial was found to be stable with a ½H2 solution enthalpy of 0.26 eV. The lowest energy 4g site was found to be stable with a solution energy of -0.05 eV. The lowest energy 8i site considered was found to be stable and have a solution energy of -0.18 eV. All 8k sites considered relaxed to other positions – for example a 4h site (not the low energy 4h site reported in Table 1).
The lowest solution enthalpy interstitial, residing at a 8j site, was actually found to move very slightly off-site into a 16l position (0.90, 0.03, 0.52) and had a solution energy of -0.66 eV. This observation that the H sits within a tetrahedron formed by 2 2a-U and 2 4h-U atoms is consistent with the conclusions made in the experimental effort by Mašková et al. [9]. As this site is predicted to be most favourable – additional H atoms are now placed on other 8j sites to assess the filling of the U3Si2 structure. An illustration of all of the (0.90, 0.03, 0.50) 8j sites in U3Si2 is shown in Figure 1.
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Figure 1 - U3Si2 structure with the 8j (0.90, 0.03, 0.5) interstitial sites shown as pink spheres. U atoms are shown in dark blue whilst Si atoms are shown in yellow.
The least favourable arrangement was for two H atoms to sit in adjacent tetrahedra (nearest neighbour) – the solution energy of the extra H atom was found to be -0.32 eV. The most favourable arrangement for two H atoms to reside within the U3Si2 structure was for the additional H atom to reside in an opposite tetrahedra (shown in Figure 2). The solution energy of the second H atom was computed to be -0.60 eV (meaning that it is slightly more favourable to add two hydrogens to the unit cell than one). The H interstitials moved to true 8j sites (not the 16l site for the single H interstitial). The bond distance between the two H atoms is 2.017 Å. This filling of opposite tetrahedra is again in agreement with the predictions made in the experimental effort by Mašková et al. [9].
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Figure 2 – Lowest energy U3Si2 structure with two H interstitials shown as pink spheres. U atoms are shown in dark blue whilst Si atoms are shown in yellow.
Filling of alternative interstitial sites for the second H atom was considered and all were found to be significantly less favourable than the 2 8j arrangement shown in Figure 2.
Three and four interstitial H atoms were subsequently considered. The least favourable position for a third H interstitial was in the adjacent site to the existing H interstitials (with a solution energy for the atom being -0.06 eV). The most favourable position is for the additional H interstitial to sit in a new cluster of four tetrahedra. The solution energy for ½H2 onto this site is -0.64 eV.  There are two distinct sites that the H interstitial can reside on here – the preferential position is shown red in Figure 3 (filling of the adjacent tetrahedron shown in green is only 0.02 eV less favourable).
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Figure 3 - Lowest energy U3Si2 structure with three H interstitials. The red spheres represent the most favourable 3rd H interstitial and the green sphere represents the second most favourable H interstitial. 
The lowest energy structure accommodating 4 H interstitials is provided in Figure 4 below. The solution energy for the fourth H interstitial from ½H2 was computed to be -0.75 eV. As the solution enthalpy for H2 into U3Si2 is shown to be exothermic for all reactions from U3Si2H0.25 to U3Si2H2 – one can expect the full range of stoichiometries to be stable. In the U3Si2H2 structure, the charge on each of the hydrogen atoms was estimated through Bader analysis to be -0.56. 
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Figure 4 - Lowest energy U3Si2 structure with four H interstitials shown as pink spheres. U atoms are shown in dark grey whilst Si atoms are shown in blue.
The solution enthalpy for a fifth hydrogen to be added to the system was investigated and the lowest energy site was found to be an 8j site; however, the solution enthalpy was found to be 0.1 eV (unfavourable) and therefore U3Si2H2+x stoichiometries are not expected to be stable.
As these calculations were performed under constant pressure conditions – the lattice parameters and basis vectors were free to vary and therefore a volume change associated with the H-uptake can be computed. The volume change associated with the most stable arrangement for each stoichiometry of U3Si2Hx is provided in Figure 5.
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Figure 5 - Volume change associated with H additions in the U3Si2Hx system compared to U3Si2.
The reported ~10% swelling observed experimentally is in close agreement with the value predicted for U3Si2H2. An improved treatment of the perfect U3Si2 structure may further improve the modelling capability to reproduce the experimental observations. The structure attained through the present modelling has a Pbam symmetry with U 2a atoms residing at the (0, 0, 0) site, U 4h atoms residing at the (0.68, 0.82, 0.5) site, Si 4g atoms residing at the (0.88, 0.62, 0.00) site and H atoms residing at the 4h (0.63, 0.53, 0.5) site. The lattice parameters are: a ≡ b = 7.64 Å and c = 3.99 Å.
The tendency to ferromagnetic ordering was observed experimentally for the U3Si2H2 structure. This matches with the modelling observations that the hydride structure although we are cautious to attribute this to the H content as the GGA+U method used in this work predicts the U3Si2 structure to be ferromagnetic, too, in contrast to experimental findings (as expected given the methodology applied). 
When the vibrational entropy of the H2 molecule is considered one can predict the temperature at which the solution of H2 into U3Si2 becomes un-favourable. This is the temperature that one can expect H to leave solution in the U3Si2 as H2 gas. Similar work has been carried out to understand the breakdown of Group II peroxide species (e.g. BaO2 to BaO + ½O2 [14]) which were apt at reproducing experimental observations. The average solution enthalpy for each H in U3Si2H2 is -0.67 eV. When the temperature dependent H2 vibrational entropy term is considered, the solution energy becomes un-favourable at approximately 800 K. This value is in good agreement with the experimental observation that dissolution of H occurs between 650-750 K [9] – considering the vibrational entropy terms on the solid phases (both products and reactants) has been estimated to be equivalent. Future work may be carried out to further refine this by considering these terms – although this work only intends to highlight the most probable mechanism by which this occurs.
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Figure 6 - Temperature dependent solution energy when considering the vibrational entropy of an H2 molecule (left). Experimental observation of H2 evolution with a peak at ~713K from [9].
To summarize: the solubility of H2 in the unit cell of U3Si2 has been investigated by DFT+U calculations and compared to recent experimental measurements. Hydrogen incorporation is exothermic and a single hydrogen atom preferentially occupies the 16l interstitial position forming a tetrahedral geometry with the nearest neighbor uranium atoms. This is consistent with experimental findings in the literature. Incorporation of additional hydrogen atoms show a tendency for two hydrogen atoms to occupy opposing tetrahedron environments associated with the same 2a uranium atom, while a third and fourth hydrogen atom prefers to occupy a tetrahedron cluster associated with another 2a uranium atom. The swelling associated with solution of hydrogen is about 10% for the U3Si2H2 stoichiometry, in good agreement with experiments. Finally, the solubility as function of temperature was predicted by combining the calculated solution enthalpies with the vibrational entropy of H2 from literature. Dissolution is predicted to occur at 800 K which is in good agreement with the experimental range of 650-750 K.
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