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ABSTRACT 

The adsorption of water on the (111) surface of UO2 has been investigated with 
density functional theory calculations using the periodic electrostatic embedded 
cluster method. In particular, the adsorptions of a single water molecule, 
molecularly and dissociatively, as well as two water molecules, one molecularly and 
one dissociatively, have been studied. A strong dependence of the adsorption 
energy on basis set is found, and good agreement with energies calculated from 
previous theoretical studies using different methods is obtained. 

INTRODUCTION 

Both UO2 and PuO2 are relevant to the nuclear power industry, and the adsorptions 
of water on PuO2 are of particular concern for its safe medium- and long-term 
storage. We are developing a computational method to study these adsorptions; 
however, uranium dioxide has been studied both experimentally[1]–[3] and 
theoretically[4]–[9] in much greater detail than plutonium dioxide[10]–[14]. 
Therefore results obtained on UO2 can provide a benchmark when building a 
methodology aimed at studying PuO2. When investigating such problems 
computationally, density functional theory (DFT) with periodic boundary conditions 
(PBC) - where a unit cell representing a portion of the system is repeated infinitely 
in two or three dimensions - is most commonly used. Two recent studies[7], [8] 
have probed water adsorption on UO2 surfaces using this method, employing the 
local density approximation (LDA)[7] and the generalized gradient approximation 
(GGA) PBE[8] exchange-correlation functionals in the DFT+U formalism. However, 
with PBC DFT, when considering a surface with low coverage or one where water 
does not adsorb uniformly, large unit cells must be used. With an increase in unit 
cell size the computational time required is greatly increased. In addition, the use 
of hybrid exchange-correlation functionals, which are well-known in molecular 
quantum chemistry to provide good descriptions of electronic structure, can make 
the calculations prohibitively expensive. We are therefore developing an alternative 
approach to investigating water adsorption on actinide dioxide surfaces, based on 
the periodic electrostatic embedded cluster method (PEECM). This allows us to use 
many of the techniques and analysis tools of molecular quantum chemistry, 
including hybrid DFT. It is the aim of this study to compare the use of the PEECM 
with PBC DFT studies of water adsorption on the UO2 (111) surface, in order to 
validate its applicability for future studies of PuO2. 
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COMPUTATIONAL DETAILS 

All calculations were performed with the TURBOMOLE 6.5 program[15]. The 
PBE0[16] (hybrid-GGA) exchange-correlation functional was used for all 
calculations. The self-consistent field convergence was set to 1x10-6 whilst 
geometry optimizations were performed with convergence criteria of 1x10-6 a.u. for 
the total energy and 1x10-3 a.u. for the maximum norm of the cartesian energy 
gradient. 

For geometry optimizations the def-SV(P) basis sets[17][18] contained in the 
TURBOMOLE library were used for all oxygen and hydrogen atoms and uranium 
atoms that used the small-core pseudopotential (PP) (see below), and the double-
zeta MWB-AVDZ basis set[19] was used for uranium atoms using the large-core PP, 
noted from now on as the SV(P) basis set. Single point calculations were performed 
with larger basis sets at geometries obtained with the SV(P) basis set; SVP 
calculations with def-SVP[17][18] and MWB-AVDZ basis sets, TZVP calculations 
with def-TZVP[18][20] and MWB-AVTZ[19] and QZVP calculations with def-
QZVP[18][21] and MWB-AVQZ[19] basis sets. 

PPs were used for the uranium ions in the quantum mechanically treated cluster; 
small-core (60 electron) def-PPs from the TURBOMOLE library[22][23] or, where 
stated, large-core PPs[19] incorporating the 5f electrons, corresponding to an 80 
electron core - these are electrons with principal quantum number 5 or lower. 
These 5f-in-core PPs have been parameterized specifically for tetravalent states. 
When the 5f-in-core PPs are used the clusters are written as UxUyO2(x+y) where x 
refers to the number of uranium ions with explicit 5f electrons and y to the number 
of uranium ions described by 5f-in-core PPs.  

All calculations were performed using the PEECM[24]. In this approach, the system 
is split into three regions; an inner explicit cluster region, which is treated quantum 
mechanically as described above, the outer embedding region, consisting of point 
charges, and an intermediate region, consisting of negative point charges and PPs 
(Fig. 1). The infinite outer embedding region recreates the Madelung potential of 
the bulk system; formal charges were used for the ions in this region, +4 for 
uranium ions and -2 for oxygen ions. The PPs used in the intermediate region were 
the Ce CRENBL PPs[25], employed in order to avoid overpolarization of the electron 
density in the explicit cluster, whilst -2 charges again represented the oxygen ions. 
The Ce CRENBL PP, which corresponds to a +4 charge when used without any basis 
functions, was used since no uranium PPs corresponding to a +4 charge were 
available. However, the 8-coordinate Ce(IV) ionic radius, 0.97 Å, is similar to that 
of U(IV), 1.00 Å.[26]  
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Fig. 1. The quantum mechanical cluster embedded in the intermediate and outer 
regions. Large blue spheres represent explicit uranium ions, large red explicit 
oxygen, large black, PPs of the intermediate region, small blue uranium point 

charges, and small red oxygen point charges. 

As lattice parameters cannot be optimized within the PEECM, the experimental 
lattice parameter for UO2 was used, a = 5.470 Å[27]. 

The uranium ions are coupled ferromagnetically in which there are 2 unpaired 
electrons per uranium. 

For geometry optimizations the geometry of the clean surface cluster was 
optimized, with only the positions of the ions in the cluster coordinated only to 
other quantum mechanical ions being optimized. When performing adsorption 
calculations, the coordinates of the water molecules were additionally allowed to 
relax. Adsorption energies were calculated using the following equation, with each 
species being optimized as described above: 

 Eads = Esurface+H2O (optimized) – Esurface(optimized) – EH2O(optimized) (Eq. 1) 

RESULTS 

The geometries of different configurations of water adsorbing on the U4U15O38 
cluster of the (111) surface (Figure 2) were optimized with the SV(P) basis set. The 
configurations considered are where one water adsorbs either molecularly, referred 
to from now on as (1m), or dissociatively (1d), as well as where two water 
molecules adsorb, one molecularly and one dissociatively (1m,1d). 



WM2016 Conference, March 6-10, 2016, Phoenix, Arizona, USA 

4 

 

Fig. 2. U4U15O38 cluster viewed perpendicular to the surface. Oxygen atoms are 
shown in red and uranium atoms in blue and grey. Grey spheres represent uranium 

atoms treated with 5f-in-core PPs. Embedding ions not shown. 

(1m) adsorption occurs with the oxygen atom of water adsorbing above a uranium 
ion and the two hydrogen atoms pointing towards two of the UO2 surface oxygen 
atoms (Figure 3, left). The U-Owater distance is 2.57 Å, in between values recently 
calculated with periodic DFT of 2.48 Å[7] and 2.60 Å[8], whilst the H-Osurf distance 
is 1.76 Å, close to one of the values calculated at 1.72 Å[7] but further away from 
the other of 1.61 Å[8]. All these studies, however, show a short H-Osurf distance, 
indicative of a hydrogen bond. The second H-Osurf distance is longer at 1.99 Å. 

(1d) adsorption of water forms two hydroxyl groups on the surface: a hydroxide, 
formed from a hydrogen of the water molecule binding to a surface oxygen, which 
will be referred to as the surface hydroxide, and a second in which an OH group of 
water adsorbs above a uranium ion, which will be referred to as the adsorbed 
hydroxide (Figure 3, middle). The hydrogen of the surface hydroxyl points towards 
the oxygen of the adsorbed hydroxyl, with a distance of 1.58 Å; hence there is a 
hydrogen bond between the two OH species. This value lies between the two values 
calculated in recent studies of 1.45 Å[7] and 1.66 Å[8]. The U-OadsorbedOH distance is 
2.21 Å and agrees very well with recent theoretical studies which both calculated a 
distance of 2.23 Å[7], [8]. 

For (1m,1d) the two individual water molecules adsorb in a similar way to the 
individual (1m) and (1d) cases, however a hydrogen bond forms between the two 
adsorbates (Figure 3, right). The hydrogen bond between the water molecule and 
the adsorbed hydroxyl has a distance of 1.81 Å, which is good agreement with the 
PBE+U study[8] which found hydrogen bonds between adsorbates of 1.71 to 1.80 Å 
(the LDA+U study did not report bond lengths where more than one water molecule 
was being adsorbed). 
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Fig. 3. U4U15O38 cluster viewed perpendicular (top row) and parallel (bottom row) 
to the surface, with (1m) left, (1d) middle and (1m,1d) right. Oxygen atoms are 

shown in red, hydrogen atoms in white and uranium atoms in blue and grey. Grey 
spheres represent uranium atoms treated with 5f-in-core PPs. Embedding ions not 

shown. 

The size of the basis set can often have an effect on the adsorption energy, with 
more sophisticated (larger) basis sets providing in principle better energies. To test 
this for our method we performed single point energy calculations of the three 
types of adsorption shown in Figure 3 with increasing basis set size at their SV(P) 
optimized geometries; the results are collected in TABLE I. 

TABLE I. Energies of (1m), (1d) and (1m,1d) 
adsorption configurations of water on the 
U4U15O38 cluster calculated at the SV(P) 

optimized geometry with increasing basis set 
size. Adsorption energy shown is per water 

molecule. 
 

Basis 
Set 

Adsorption energies/ eV 
(1m) (1d) (1m,1d) 

SV(P) -1.04 -1.08 -1.19 
SVP -0.95 -0.88 -1.09 
TZVP -0.62 -0.70 -0.82 
QZVP -0.46 -0.65 -0.69 

 

It can be seen from TABLE I that the adsorption energy has a clear dependence on 
the size of the basis set used. As the size of the basis set increases the adsorption 
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energy decreases, with a difference of up to 0.58 eV between the SV(P) and QZVP 
basis sets. In addition the adsorption energy does not converge with respect to 
basis set size, even when the QZVP basis set is used. We take the adsorption 
energies obtained with the QZVP basis set to be our best estimate. It should be 
noted that although the TURBOMOLE basis set library provides valence basis sets 
for the actinides from the SV(P) level up to QZVP, in fact the same basis, the QZVP, 
is used at each level. Hence only the oxygen and hydrogen basis sets change from 
the SV(P) calculations to the QZVP, and thus the decreasing adsorption energies in 
TABLE 1 are obtained from increasingly well balanced basis sets. 

Recent theoretical studies using PBC DFT calculated adsorption energies for (1m) of 
-1.10 eV[7] and -0.60 to -0.61 eV (dependent on unit cell size)[8], whilst (1d) 
adsorption was calculated to be stronger at -1.12 eV[7] and -0.68 to -0.77 eV[8]. 
The (1m,1d) adsorption was calculated with adsorption energies of -1.23 eV[7] and 
-0.65 to -0.76 eV[8]. Our energies obtained with the smallest basis set (SV(P)) are 
in good agreement with those of the LDA+U study[7] whilst our energies obtained 
with the highest-quality QZVP basis set are closer to those from the PBE+U 
study[8]. The LDA exchange-correlation functional is known often to overestimate 
binding energies, and indeed the results of the previous LDA study are in close 
agreement with our adsorption energy calculated with the lowest-quality basis set. 

The effect of basis set size on the adsorption geometries was also explored. As 
calculations with the larger basis sets are very expensive it was hoped that, as we 
have done when producing the data in TABLE I, geometry optimizations could be 
performed with the SV(P) basis set, with subsequent single point energy 
calculations performed at a higher quality basis set. The change in adsorption 
energy when optimizing the geometry with the SVP and TZVP basis sets is shown in 
TABLE II, given as the difference between single point calculations on the SV(P) 
optimized structures with the higher basis set and the higher basis set optimized 
structure with the higher basis set. Geometry optimizations with the QZVP basis set 
are prohibitively expensive and were not performed. 

TABLE II. Change in adsorption energy as a 
function of basis set for water on the 

U4U15O38 cluster representation of the (111) 
surface of UO2. Adsorption energy shown is 

per water molecule. 
 

Basis 
Sets 

Adsorption Energy/ eV 
(1m) (1d) (1m,1d) 

SVP -0.04 -0.10 -0.03 
TZVP -0.03 -0.01 -0.02 

 

The change in adsorption energy when the geometries are re-optimized at the 
higher basis set are small, and the differences are smaller for the TZVP than the 
SVP basis set. 
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The changes in geometric parameters when optimizing the geometry with the SVP 
and TZVP basis sets, compared to the SV(P), are shown in TABLE III for the 
U-Owater bond lengths and TABLE IV for the bond angles. 

TABLE III. Change in U-Owater bond lengths (Å) as a function of basis set for water 
on the U4U15O38 cluster representation of the (111) surface of UO2. 

 
Basis sets (1m) (1d) (1m,1d) 

SVP 0.009 -0.013 -0.009 0.043 
TZVP 0.030 -0.016 0.000 -0.024 

 

TABLE IV. Change in bond angles (o) as a function of basis set for water on the 
U4U15O38 cluster representation of the (111) surface of UO2.  

 

Basis sets 
(1m) (1d) (1m,1d) 

<H-O-H <U-O-H <H-O-H <U-O-H 
SVP -1.63 2.96 -1.783 -0.975 
TZVP -0.83 2.99 -0.656 1.749 

 

Clearly, the changes in the bond lengths and bond angles are modest when 
optimizing the structure with a higher basis set.  

CONCLUSIONS 

We have calculated the adsorption geometries and energies of water molecules on 
a cluster representation of the UO2 (111) surface. Increasing the size of the basis 
set has a significant effect on the adsorption energies but a much more modest 
effect on the adsorption geometries. We therefore conclude that the small SV(P) 
basis set can be used for geometry optimizations of these systems, followed by 
single point energy calculations with the higher-quality QZVP basis set in order to 
obtain reliable adsorption energies. We are now employing this approach to the 
study of water adsorption on other low index UO2 surfaces, as well as those of 
PuO2. 
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