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Abstract
A clear understanding of the diffusive behaviour of a wide variety of impurities is essential for the construction and safe
operation of the class of nuclear reactors which employ graphite as a shielding material. As a means of gaining insight into
this important problem, the bonding, activation energy and structural properties of a variety of the most common nuclear
fission products on graphene have been examined using Density Functional Theory (DFT), illustrating the attendant
mechanisms of bonding and ionic transport of the different species, as well as the tendency to form nanoscale clusters in
bulk graphite. Simulations have been conducted using a variety of approximations to the exchange-correlation functional,
and the relative importance of functional choice is discussed in the context of the adsorption and activation energies.
Finally, our calculations are compared to the relevant experimental results, allowing us to draw some conclusions about
the likely transport mechanisms at larger length and time scales.
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1. Introduction
Graphite has been the material of choice for neutron
moderation-reflection and structural support from the beginning of the nuclear reactor era. The physical properties of a graphite moderator can greatly influence the cost,
safety and lifespan of a reactor. Recently, there has been
a renewed interest in graphite due to its application as
a moderator in the present Advanced Gas-cooled Reactors (AGRs), and the next generation of High Temperature Reactors (HTRs), Very High Temperature Reactors
(VHTRs), Gas-cooled Fast Reactors (GFRs) and Molten
Salt Reactors (MSRs). The response of graphite to radiation damage and its interaction with and retention of
activated fission products is paramount during normal operating and accident conditions, and a mechanistic understanding of the attendant physio-chemical and transport
processes is imperative for predicting the release rates and
designing appropriate barriers. The retention and diffusion of irradiated species is similarly important for the disposal and decommissioning of nuclear material, as is the
case for the pebble-bed reactor class of VHTRs where pebbles of highly-oriented pyrolytic graphite (HOPG) serve as
the moderator for fissilie material. A number of experimental studies conducted with the TRISO fuel configuration have demonstrated that pyrolytic graphite may offer
some resistance to the diffusion of noble gases, while metallic fission products such as cesium, silver and strontium
escape more easily under normal and accident conditions.
[1]
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A first-principles analysis of the diffusive and bonding
properties is then very important in this context. Interstitial adatom diffusion within nuclear graphite occurs predominantly along the basal plane, while there are generally
very large barriers for spontaneous interstitial movement
between layers. [2] We may then expect that a thorough
ab-initio investigation of the diffusion and bonding of the
relevant fission products with graphene sheets will provide insight into the mechanisms of diffusion and bonding
within graphite.
In this paper we present the results of systematic abinitio simulations of the diffusion and bonding properties of
some of the most important fission products on the surface
of graphene. We compare the results of different functionals, and assess which are the most suitable for DFT calculations of the interaction of graphene and surface adatoms.
Since graphite has a layered structure composed of stacked
sheets of graphene, we anticipate that these results may
accurately account for the different mechanisms of diffusion and bonding within graphite. Particular attention has
been paid to the activation energy barrier for movement
along the basal plane and the adsorption energy, which
will dictate the clustering properties of the adatoms in
graphite.
In Section 2 we outline the methods implemented and
approximations employed in this work. The results are
then presented in Section 3. This section is split into
three main subsections: Section 3.1 contains the surface
absorption energy calculations, Section 3.2 contains the
surface diffusion transition barrier calculations, and section 3.3 contains a number of comparisons between our
simulations and available experimental results, on the basis of which a number of conclusions are drawn. Finally,
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our concluding remarks are presented in Section 4.

generally found to have an extremely small effect on the
structure of the resulting optimised cell.

2. Methods
2.1. Structural details

We have performed first-principles spin-polarised Density Functional Theory (DFT) calculations using the
plane-wave Quantum ESPRESSO suite of DFT software
[3, 4]. Calculations have been performed using a variety of
approximations to the exchange-correlation term, including the Local-Density Approximation (LDA), the Generalised Gradient Approximation (GGA) and the GGA with
van-der Waals corrections (vdW-DF-cx). Nine atomic
species, chosen from the most common by-products of nuclear fission, have been investigated as part of this study.
These consist of three alkali and alakline earth metals (Cs,
Ru, Ba), two transition metals (Ag, Ru), two lanthanides
(Ce, Eu), one halogen (I) and one noble gas (Kr). These
elements are also of interest as they sample a diverse range
of the periodic table, many of which are comparatively understudied and have relatively few results in the literature.
We choose our pseudopotentials from the the Standard
Solid State Pseudopotentials (SSSP) accuracy suite [5].
These psedopotentials are selected so as to provide values
to within 0.33 meV of the corresponding all-electron calculations. We hence employ the GBRV Ultrasoft pseudopotentials [6] for the Alkalis & Alkali Earth metals examined
herein, which contain the semicore s and p orbitals in the
valence states. For the remaining elements, we employ
high-accuracy Blöchl projector-augmented wave (PAW)
psuedopotentials [7] from the pslibrary v1.0 pseudopotential set, [8] all of which include nonlinear core corrections,
in addition to including the d (Ag, I, Kr), s, p (Ru, Eu)
and s, p, d (Ce) valence electrons in the core.
Our simulations have been carried out on a hexagonal
4 × 4 graphene supercell. This grants an in-plane separation between the adsorped atoms of approximately 1 nm,
which is enough to avoid magnetic interactions between
adatoms within the graphene plane, and corresponds to
a coverage of 0.03 adatoms per monolayer (ML). Additionally, sufficient vacuum was added to ensure that the
periodically-repeated supercells were well-separated in the
out-of-plane direction, with all energy calculations being
well-converged at a separation of 1.2 nm perpendicular
to the graphene plane. This has been verified explicitly
through comparison to cells with larger separations, both
with and without adatoms present.
We ensure that all energies are converged to within 0.01
eV/atom. This corresponds to a 5×5×1 Γ-centred k -point
grid, sampled according to the Monkhorst-Pack scheme [9],
a plane-wave energy cutoff of 80 Ry (1088 eV), and a 400
Ry (5442eV) kinetic energy cutoff for the Fourier expansion of the charge-density. These parameters are chosen on
the basis of the highest cutoff and k -point grid required for
any element in the study, which are then applied consistently to all of the adatoms to allow maximum comparability. A first-order Methfesel-Paxton [10] smearing of 0.2
eV was applied in all cases, although the smearing was

Geometry optimsations were performed, using the
BFGS algorithm [11], both on the isolated graphene sheet
and on the adatom-graphene system with the same hexagonal supercell dimensions. The adsorption energy, Eads ,
of an adatom on pristine graphene is taken to be
Eads = EG + EAd − EAd@G ,

(1)

where EG is the total energy of the pristine graphene layer,
EAd is the energy of an isolated adatom, which is calculated in a large empty supercell at the Γ point, and EAd@G
is the total energy of the combined adatom-graphene system. Using this convention the adsorption energies are
defined to be positive, with a larger positive energy corresponding to a stronger interaction between the adatom
and the graphene sheet and hence a tighter binding of the
adatom.

Figure 1: Schematic representation of the symmetrical adsorption
sites on a graphene sheet. H: Hollow site, T: Top site, B: Bridge
site.

In order to identify preferred bonding sites, adsorption
energies have been calculated at each of three highlysymmetric points above the graphene lattice. These are
the Hollow (H) site at the centre of each carbon hexagon,
the Bridge (B) site lying above a carbon-carbon bond, and
the Top (T) site where the adatom sits directly above a
carbon atom, as shown in Figure 1. For every element,
the adatom is initialised at each of these sites and allowed
to move only in the direction perpendicular to the sheet,
while all carbon atoms are allowed to relax fully. Structural optimisation is performed until the force on each
atom is less than 0.01 eV/Å. Consistent with our convention for the adsorption energy, sites with the largest value
of Eads are then determined to be energetic minima and
preferable sites for adsorption.
2

EXC Functional
LDA
GGA
vdW-DF
vdW-DF2
vdW-DF-cx
PBE-D2
PBE-D3
vdW-optB86b
vdW-optB88
Experiment
RPA
QMC

a (Å)
2.447
2.447
2.478
2.475
2.466
2.463
2.463
2.466
2.465
2.46 [12]
-

c (Å)
6.631
8.423
7.139
7.032
6.575
6.434
7.015
6.637
6.699
6.660 [13, 14]
6.680 [12]
6.700 [16]

r0 (Å)
1.413
1.424
1.430
1.429
1.424
1.422
1.424
1.423
1.423
1.421 [13, 14]
-

EC (meV/atom)
24.137
0.6790
52.413
50.611
62.165
54.014
38.247
66.564
67.555
-

EE (meV/atom)
24.148
0.694
54.292
51.929
64.942
56.385
38.973
69.005
70.188
52 [14], 64.35 [15]
48 [12]
56 [16]

Table 1: Structural and energetic properties of AB-stacked graphite calculated using different exchange-correlation functionals. We include
the lattice parameters, a and c, the carbon-carbon bond length, r0 , and the interlayer cohesive and exfoliation energies, EC and EE . Cohesive
& exfoliation energies are calculated from the binding-energy curve [17]. All calculations utilise the pslibrary-1.0 carbon pseudopotential on
a 16 × 16 × 8 k -point grid with an energy cut-off Ecut = 80 Ry. Experimental and other theoretical values are included for comparison. For
clarity, we have highlighted the vdW-DF-cx functional, which has been chosen for this work.

covalent and dispersive elements of the graphene-adatom
interactions for generic species, and opt to use it to model
the van der Waals interaction. Additional background on
the vdW-DF-cx functional is provided in the Electronic
Supplementary Information.

2.2. van der Waals corrections
The graphene-adatom interaction predominantly involves the interplay of London dispersion forces and perpendicular carbon π-bonds. In this context, it is particularly important to choose a functional which gives an accurate account of the van der Waals force which is characteristically absent from GGA approaches to the exchangecorrelation functional. Use of the GGA is otherwise desirable as it gives the most accurate results for covalent
bonding, and hence the best approach is to use the GGA
functional with corrections to incorporate the dispersive
interaction. However, many different van der Waals corrections to the GGA are available within DFT, and energetic properties may differ by as much as 0.7 eV [18, 19].
In Table 1 we compare a number of structural and energetic properties between a variety of different functionals, as well as to experiment and more advanced RPA and
QMC calculations. All of the functionals reproduce the experimental lattice parameter (a) quite well, while we see
the failure of the GGA functional to account for the interlayer bonding and lattice parameter. While the LDA gives
accurate structural properties, the binding and cleavage
energy are on the lower end of experiment which generally
lies in the range of 31-60 meV/atom [15]. Among the van
der Waals functionals, we find that the vdW-DF-cx and
the two vdW-OPT functionals give the best agreement for
lattice parameters.
The energetic properties of the vdW-DF-cx functional
lies within the range of observed values, and is in an especially close agreement to recent experimental measurements of the cleavage energy of graphite [15]. It has been
found that the vdW-DF-cx gives especially good agreement to experimental values for molecular reaction and
ionization energies [20]. The vdW-DF functionals have
also been found to give the best agreement with more fundamental QMC calculations for Lithium diffusion in bulk
graphite [21]. On this basis we anticipate that the vdWDF-cx functional gives the best overall accounting of the

3. Results
In this section we present our calculations of the structural and electronic properties, upon graphene adsorption,
of the 9 common nuclear fission products studied in this
work. A summary of the adsorption energies, preferred
sites and other structural properties, calculated using the
LDA, GGA, and vdW-DF-cx exchange-correlation functionals, is presented in Table 2. Full details of adatom
properties at all sites for all three functionals is given in
the Electronic Supplementary Information.
Our results include the preferred binding site and the
adsorption energy at that site, Eads , in addition to a number of structural parameters which have been extracted
from the relaxed supercells. In particular, we calculate
the adatom height, h, above the sheet which is the difference between the z position of the adatom and the average of the carbon atoms in the sheet. The corrugation,
c, gives an indication of the extent to which the adatom
induces structural distortion of the graphene surface. This
has been calculated according to the same convention employed by Manad et al [22], by which it is defined as the difference between the highest and the lowest carbon atoms
in the sheet and is positive when the sheet approaches the
adatom and forms a hill underneath it and negative when
the opposite occurs and the graphene forms a valley. The
net magnetic moment, µ, is calculated as the difference
between the spin-up and spin-down electron densities at
the Fermi energy level.
In order to give insight into the bonding mechanism
between graphene and the different adatom species, the
electronic structure of the adatom-graphene at the pre3

Element
Ag

Ba

Ce

Cs

Eu

I

Kr

Ru

Sr

EXC Functional
LDA
GGA
vdW-DF-cx
LDA
GGA
vdWDF-cx
LDA
GGA
vdW-DF-cx
LDA
GGA
vdW-DF-cx
LDA
GGA
vdW-DF-cx
LDA
GGA
vdW-DF-cx
LDA
GGA
vdW-DF-cx
LDA
GGA
vdW-DF-cx
LDA
GGA
vdW-DF-cx

Site
T
T
T
H
H
H
H
H
H
H
H
H
H
H
H
T
H
H
H
H
H
H
H
H
H
H
H

EAds (eV)
0.326
0.024
0.224
1.660
1.009
1.487
2.721
1.886
2.205
1.601
1.209
1.179
1.626
0.977
2.232
0.447
0.368
0.609
0.020
0.014
0.162
3.213
1.735
2.307
1.018
0.573
0.862

h (Å)
2.407
3.652
2.962
2.343
2.569
2.392
2.127
2.257
2.257
2.761
2.884
2.848
2.066
2.268
2.109
3.308
3.835
3.517
3.257
4.032
3.542
1.577
1.715
1.681
2.360
2.507
2.425

c (Å)
0.088
0.004
0.009
0.121
-0.041
0.133
0.060
-0.023
0.023
-0.044
-0.036
0.058
-0.123
-0.057
0.029
-0.018
-0.009
0.029
-0.018
-0.001
0.017
0.069
0.008
0.021
-0.043
-0.028
0.058

µ(µB )
0.870
1.020
1.040
0.000
0.940
0.72
1.850
2.280
2.280
0.000
0.000
0.000
0.680
0.980
2.280
0.770
0.730
0.710
0.000
0.000
0.000
1.490
1.830
1.780
1.010
1.090
1.120

Q (e)
0.018
0.007
-0.045
0.629
0.516
0.523
0.472
0.389
0.369
0.594
0.659
0.581
0.449
0.362
0.319
-0.349
-0.301
-0.336
0.006
0.001
0.003
0.498
0.520
0.387
0.940
0.898
0.854

Table 2: Summary of simulation results for fission product adsorption on graphene, including the most stable adsorption site (Site), adsorption
energy (Eads ), height (h), corrugation (c), magnetic moment (µ) and charge transfer (Q). The most chemically accurate vdW-DF-cx results
are highlighted for clarity.
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Property
Energy (eV)
Height (Å)
µ (µB )
Q (e)

GGA
0.866
5.401
0.986
0.339

LDA
1.404
4.663
0.741
0.362

vdW-DF-cx
1.124
4.983
1.023
0.295

3.1.1. Alkali & Alkaline earth metals
For the group I and II adatoms simulated herein all three
adatoms (Ba, Sr, Cs) bind most strongly to the hollow
site. We find that the alkalis produce moderate distortion
of the graphene lattice, and in all cases a repulsive valley shape is formed by the sheet near the adatom. The
equilibrium position results from the balance of electrostatic attraction and short-range electron repulsion and
our calculations show that the lowest height and least significant corrugation of the graphene carbon atoms occurs
at the energetically preferable hollow sites, where the electron density is lowest, enabling the alkalis to stabilise most
closely to the surface of the graphene sheet.
Is is interesting to note the difference between the GGA
and van der Waals calculations for the alkalis (see ESI Tables 1-3). At GGA level, we see that the bonding of the
barium adatom is lower by 0.2 eV than the cesium adatom,
as well as a reduction in the height of the adatom and corrugation of the sheet. This agrees with prior observations
that, for ionic bonding on graphene, the adatom with an
ns2 configuration results in weaker binding than the partially filled ns1 configuration. [24] When the full van der
Waals terms are included this situation reverses: the dispersive component of the interaction compensates for this
effect and the heavier Ba atom now binds more strongly
and at a smaller equilibrium distance above the sheet than
does the Cs.
Figure 2 shows the projected DOS of the Alkali adatoms
along with the full graphene DOS calculated with the vdW
DF-cx functional. The PDOS calculations imply that, consistently between the two alkaline earth metals, adsorption
on graphene results in the partial or total occupation of
only one of the s orbital electrons. The density of spinup electrons moves below the Fermi energy and into the
valence band. Conversely, the spin-down electron remains
in the conduction band. This results in both species acquiring a magnetic moment upon adsorption. The opposite result holds in the case of a Cs adatom, whereby a
free Cs atom is found to have a net moment of approximately 0.55µB . This moment is lost upon adsorption as
the partially-occupied orbitals move well into the conduction band, as can be seen in Figure 2 (f).
These observations, combined with the movement of the
graphene Dirac point below the Fermi energy which is seen
for all three species, imply that the overall effect of the
adatoms is to produce an n-doping of the graphene substrate [25]. The Löwdin analysis confirms this, showing
that all three species acquire a positive charge upon adsorption. The bonding of these heavy alkalis is then predominantly ionic. This has a number of implications, in
particular it explains the preference for the hollow site,
where it has been established that for ionic bonding higher
coordination sites tend to be favoured due to the fact
that ionic bonds are non-directional and tend to maximise
coordination, while covalent bonds are directional bonds.
[26] Our calculations for these heavier alkali adatoms are

Table 3: Comparison of the average properties the 9 elements considered in this work between the LDA, GGA and vdW-DF-cx functionals.

ferred sites has been studied through calculations of the
electron density performed on a 24 × 24 × 1 Γ-centred k point grid. The resulting density is employed to perform
a projected Density of States (PDOS) calculation where
the full electron density is projected onto a basis of local
atom-centred orbitals which are smeared with Gaussians
of width σ = 0.1 eV. To confirm the general picture of
ionic and covalent bonding established through our PDOS
calculations, we have also performed Löwdin charge analysis of the net charge transfer, Q, between the the sheet
and adatom, which is indicative of the adatom oxidation
state.
3.1. Adsorption Energy
In the following we provide some brief comments on general trends across the elements studied and between the
functionals employed in this work. Table 3 shows the average calculated values, across all 9 elements, of the adsorption energy, height above the lattice, magnetic moment
and charge transfer at the preferential sites. This shows
clearly that the LDA overestimates and the GGA underestimates the binding in comparison to the vdW-DF-cx functional, which we take to be the most chemically accurate.
Associated to this difference in adsorption energy, we find
that the relaxed height varies inversely with the energy, as
does the magnetic moment and charge transfer upon adsorption, with tighter binding of the adatom resulting in
a smaller equilibrium distance between the graphene and
the adatom and an associated increase in the doping of
the graphene. This is in-line with the well-known trend
for the LDA functional to overbind and to underestimate
bond lengths [23] in comparison to the GGA.
Both the GGA and LDA functionals have very similar errors in the relaxed supercells, which each under- and
over-estimate the adsorption energies by approximately 0.3
eV, respectively. We may then conclude that the explicit
inclusion of a dispersion correction in the GGA is crucial
in obtaining accurate adsorption energies, particularly in
the cases where chemical interaction are weak and distances are large. In all such cases, where the GGA predicts Eads < 1 eV, the attractive part of the non-local
functional dominates the interaction and leads to a large
increase in the adsorption energy.
Having compared the effect choice of functional has on
adsorption behaviour, for the remainder of this paper we
will largely confine our discussion to the more accurate
vdW-DF-cx functional.
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Figure 2: a), b), c): Partial density of states (PDOS) plots for Sr, Ba and Cs adatoms on the Hollow site of graphene, calculated using the
vdW-DF-cx functional, and d), e), f ): close-up views of the same DOS plots in the vicinity of the Dirac point. Positive and negative values
of the density correspond to the spin-up and spin-down components, respectively. Energies are shown relative to the Fermi energy EF = 0.

Figure 3: a), b): Partial density of states (PDOS) plots for Ag and Ru adatoms on the Hollow site of graphene, calculated using the
vdW-DF-cx functional, and c) d): close-up view in the vicinity of the Dirac point. Positive and negative values of the density correspond to
the spin-up and spin-down components, respectively. Energies are shown relative to the Fermi energy EF = 0.
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broadly in line with the trends observed for the lower mass
alkalis upon graphene adsorption. [27]

bitals are rehybridised resulting in significant deformation
of the lattice.

3.1.2. Transition Metals
For the transition metals studied, the Ru adatom shows
strong preference for the hollow site, while Ag binds to
the top site. The adsorption energy of the Ag adatom is
also significantly smaller than the Ru adatom. This is attributed to the fully occupied d-shell of Ag, which has a
d10 structure. Partially and fully-occupied d shells tend to
stabilise the isolated atom and reduce it’s binding strength
to the graphene sheet. [22] The Ag adatom then interacts
with the sheet primarily via the van der Waals forces and
is hence physisorbed to the graphene surface. This is reflected in the fact that the inclusion of the vdW functional
gives a substantial increase in the adatom bonding relative
to plain GGA. In contrast, Ru binds much more strongly to
graphene, indicative of stronger covalent interaction with
the graphene carbon atoms, in line with the more unstable
electronic configuration of the Ru d orbitals.
It is interesting to note that, in contrast to previous
work our simulations indicate that the Ag adatom has a
slight preference for the top site for all of the functionals considered. There is no firm agreement on behaviour,
with different authors alternatively finding preference for
the H, B or ”no bonding” in prior studies, [22, 24, 28] and
a slightly higher binding energy of approximately 0.03 eV.
In fact, our simulations show a similar adsorption energy
and preference for the hollow site when we employ the
0.3.1 pslibrary pseudopotentials, in agreement with the
Quantum ESPRESSO calculations of Pati et al. [24].
In the case of such weak bonding with a very small difference between adjacent sites, the pseudopotential can
then crucially change the binding order of the Ag adatom.
However we stress that the binding energies and energy
differences can all be said to be low, giving a consistent
physical picture of an Ag adatom which weakly interacts
with graphene, showing little preference for any specific
site and being able to move freely across the sheet, even
at much lower temperatures than the range found under
typical operating conditions within a nuclear reactor.
Figure 3 shows the PDOS for Ag and Ru calculated using the vdW-DF-cx functional. In agreement with the arguments given above, we see that the Ag density of states is
largely unaffected by adsorption on graphene. The spin-up
orbital lies predominantly in the valence band while spindown is in the conduction band. This asymmetry gives rise
to the observed 1 µB magnetic moment which is evident
both for Ag as a graphene adatom and completely free Ag.
In contrast, there is evidence of extensive hybridisation
between the valence Ru orbitals and the graphene carbon
atoms, as evidenced by the prominent peaks shared by
the graphene-sp and Ru d electrons in Figure 3 (d). This
is also evident in the corrugation of the graphene upon
Ru adsorption at different sites, which is broadly consistent with a picture of covalent bonding between the Ru
adatom and the graphene sheet, where the Carbon sp2 or-

3.1.3. Iodine & Krypton
Both krypton and iodine again show preference for the
Hollow site. The halogens are highly reactive owing to
their high electronegativity and effective nuclear charge.
This electronegativity decreases as we move down the periodic table, and previous work has shown a corresponding decrease in the binding energy and electron transfer
as we move down this period. [24, 29] We find an adsorption energy in good agreement with previous studies,
and an associated transfer of charge and magnetisation
of the iodine adatom. Similarly to the alkalis, the iodine
adatom causes a shift of the Dirac point with respect to
the Fermi energy, however our PDOS, depcited in Figure
4, and Löwdin analysis show that the graphene becomes
p-doped, with the Dirac point moving above the Fermi energy as the graphene donates approximately one electron
of charge to the iodine, as would broadly be expected on
general physical grounds, leading to an interaction which
is predominantly ionic in character.
Our simulations indicate that the Kr-graphene interaction is dispersive in nature, involving neither ionic nor covalent interaction, as is to be expected from the chemically
unreactive closed shell noble gas configuration. This is reflected in the PDOS calculations, which show that that all
of the Kr valence electrons remain deep in the valence band
and that the Dirac point is almost completely unaffected
by the presence of the Kr adatom.
As few simulations of noble gases on graphene have been
conducted, and to put our calculation of Krypton adsorption in context, we have performed an additional set of
simulations of the adsorption energy of the noble gases on
pristine graphene. These simulations employed a slightly
smaller 4 × 4 × 1 k-point grid and identical cutoffs for
the energy and charge density of Ec = 80 Ry, Eρ = 400
Ry. The results of these simulated adsorption energies
are plotted vs the atomic polarizability in Figure 5. The
interaction of the noble gases with the graphene sheet is
dominated by the van der Waals interaction due to the
fully occupied shells. Our results confirm the generally
linear dependence of the adsorption on the polarizability
of the electron cloud. [24]
3.1.4. Lanthanides
Our results show that both of the studied Lanthanides,
Ce and Eu, again preferentially bond to the hollow site.
We also find that the rare earth elements consistently induce the largest distortion of carbon atoms out of all of the
species studied, with large values of the corrugation for the
LDA, GGA and vdW-DF-cx functionals. (see ESI Tables
1-3) This is very similar to the results for the Ru adatom,
such that the covalent bonding between the rare earths
and the graphene C atoms causes significant distortion of
the graphene sheet.
7

Figure 4: a), b): Partial density of states (PDOS) plots for Kr and I adatoms on the Hollow site of graphene, calculated using the vdW-DF-cx
functional, and c): close-up view of iodine the vicinity of the Dirac point. Positive and negative values of the density correspond to the
spin-up and spin-down components, respectively. Energies are shown relative to the Fermi energy EF = 0.

energy of europium. In general the interaction of these elements with the graphene lattice will be very complicated,
involving some combination of ionic, covalent and dispersive forces, in addition to the influence of strong on-site
Coulomb interactions arising from the highly-occupied forbitals which was not accounted for in our simulations.
The binding strength will then intricately depend on how
the interplay of these contributions controls the height of
the rare earth atom above the graphene and thus the extent to which hybridisation occurs, and so the observed
energies and heights are not a simple function of the functional employed.
3.2. Nudged Elastic Band calculations
The climbing image nudged elastic band (CI-NEB)
method has been employed to numerically investigate the
diffusion pathways, energy barriers and transition states
of the studied species on graphene. Paths are initialised
by linear interpolation between the coordinates of neighbouring minima, which are between adjacent hollow sites
for the majority of elements considered herein. Images
are then optimised until the forces on each atom reaches a
value of less than 0.01 eV/Å[30]. This relaxed set of images
is the minimum energy path for the transition. The activation energy for diffusion is the maximum energy along this
path, which is identified as the saddle point for the transition. We have performed calculations between nearestneighbour (NN) sites using all three functionals and all elements, and between next-nearest neighbour (NNN) sites
using the vdW-DF-cx functional only.
To ensure that reliable transition states and paths are
identified, we perform calculations of the phonon spectra
of the minima and saddle points, using Density-functional
Perturbation Theory (DFPT) as implemented in Quantum ESPRESSO [31]. Vibrational frequencies are extracted from these calculations and it is found that the
minimum energy structures have vanishing imaginary frequency in all directions while the saddle points have an
imaginary frequency in a single direction on the potential

Figure 5: Eads vs. polarizabilities for the Noble Gases from the
vdW-DF-cx functional. A broadly linear trend is observed in the
adsorption energy with increasing polarizability

Figure 6 depicts the partial DOS simulations for the
rare earth-graphene system calculated using the vDW-DFcx functional, from which we may observe two important
features. Firstly, for both adatoms we see the shift of the
Dirac point below the Fermi energy, which is consistent
with n-doping of the graphene, although we stress that
charge transfer may generally not be as well-defined for
covalent bonds. We also see that the graphene states are
strongly altered by the presence of Lanthanide adatoms,
finding extensive hybridisation of the rare earth d states
and the graphene carbon atoms which is again evident in
the prominent peaks found in both density of states.
It is interesting to note the difference in behaviour between the two elements upon the inclusion of van der Waals
forces. For Ce the repulsive component of the non-local
functional actually plays an important role in decreasing
the binding of the adatom to the surface. In contrast,
the vdW-DF-cx functional more than doubles the binding
8

Figure 6: a), b): Partial density of states (PDOS) plots for Eu and Ce adatoms on the Hollow site of graphene, calculated using the vdWDF-cx functional, and c) d): close-up view in the vicinity of the Dirac point. Positive and negative values of the density correspond to the
spin-up and spin-down components, respectively. Energies are shown relative to the Fermi energy EF = 0

Element
Ag
Ba
Ce
Cs
Eu
I
Kr
Ru
Sr

EA,LDA (eV)
0.0069
0.1033
0.2601
0.0581
0.1618
0.0006
0.0091
0.9512
0.1834

EA,GGA (eV)
0.0001
0.1036
0.3990
0.0413
0.1452
0.0014
0.0008
0.6571
0.1753

EA,vdW (eV)
0.0020
0.1085
0.4271
0.0426
0.3531
0.0013
0.0027
0.7536
0.0955

Path
T→B→T
H→B→H
H→B→H
H→B→H
H→B→H
H→B→H
H→B→H
H→B→H
H→B→H

Table 4: Activation energies, in eV, for nearest neighbour diffusion for nuclear fission products on graphene, calculated using the CI-NEB
method
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Element
Ag
Ba
Ce
Cs
Eu
I
Kr
Ru
Sr

Ea (eV)
0.0037
0.1147
0.4574
0.0468
0.4111
0.0014
0.0029
0.7449
0.1025

Path
H→T→T→H
H→T→T→H
H→T→T→H
H→T→T→H
H→T→T→H
H→T→T→H
H→T→T→H
H→T→T→H
H→T→T→H

Table 5: Activation energies for next-nearest neighbour diffusion for
nuclear fission products on graphene, calculated using the CI-NEB
method

Element
Ar
Kr
Xe

Eexpt (eV)
0.135
0.160
0.210

Etheory (eV)
0.086
0.16
0.204

hexpt (Å)
3.20
3.35
3.60

htheory (Å)
3.45
3.25
3.68

Table 6: Noble gas adsorption energies and heights, theory vs experiment.

mal energy. This is indicative of extremely high diffusivity, and within nuclear reactor under standard operating
conditions of 900K and higher, where the thermal energy
reaches values upwards of kB T = 0.078 eV, it is clear
that all of the fission products studied in this work will
be highly mobile on undefected graphene surfaces. All of
these adatoms have small energy differences between one
or more of the preferential sites, and primarily interact
via bonds which are not directional, in contrast to covalent bonds, which partially explains their high mobility on
the graphene surface.
We find the strongest activation energies for adatoms
which exhibit covalent bonding with the lattice, those being Ruthenium and the Lanthanides. This paints a consistent picture with regards to our previous calculation of
the PDOS. As previously discussed, all three of these elements bind to the hollow site and have valence electrons
which extensively hybridise with graphene. By comparing
the corrugation at different sites (ESI Tables 1-3), it can
be seen that the graphene sheet exhibits rather extensive
corrugation as these atoms adsorb at the binding and top
sites, while there is essentially no deformation when they
sit above the hollow site.
As these adatoms diffuse between adjacent hollow sites,
they will correspondingly warp the graphene lattice, with
the majority of the energetic barrier to motion along then
resulting from additional covalent bonding between C electrons and the adatom. The large activation energies are
then associated with the corrugation of the graphene sheet
and the hybridisation of the electrons in response to the
diffusion of the corresponding adatom.
Figure 7 depicts selected nearest-neighbour and next to
nearest neighbour transition profiles for three of the elements studied. There is a reasonable energy difference between the hollow site and top and bridge sites respectively
for all three elements, with the general pattern that there

Figure 7: Energy profile along the migration path for adatoms diffusing along the surface of pristine graphene as a function of the
reaction coordinate

energy surface, which are identified as the transition states
for the diffusion of the adatom.
A summary of our results for nearest-neighbour activation barriers is shown in Table 4. For the majority
of the elements studied, the choice of functional makes
only a moderate difference in the magnitude of the activation energy. The diffusion barriers for Ba, Cs, Ag, I,
Sr and Kr all lie within 0.01 eV of one another for all
three functionals, suggesting that while the absolute value
of the adsorption energy varies between approximations
for these elements, the energy differences between sites remains much the same. There is more variation for the
Lanthanides and Ru, with no simple relationship between
the choice of functional and observed diffusion. For example, for cerium we find EvdW > EGGA > ELDA , while
ELDA > EvdW > EGGA for europium. However, while the
quantitative behaviour differs between functionals we can
still broadly say that all three functionals generally agree
on the diffusive regime of the elements considered.
For 6 of the studied elements; I, Sr, Ba, Ag, Cs, Kr
we identify activation barriers of less than or equal to 0.1
eV. These consist broadly of two classes of elements, those
which largely bond ionically to the graphene sheet (Ba,
Cs, Sr, I) and those which interact chiefly via dispersion
(Ag, Kr). At room temperature, the thermal energy will
be approximately kB T = 0.026 eV. For adsorption energies in the range 0.03 − 0.1 eV, the activation barrier
energy is on the order of or slightly larger than the ther10

Element
Ag
Ba
Ce
Cs
Eu
I
Kr
Ru
Sr

is a larger difference between the hollow and other two
sites, while the difference between the top and bridge sites
is much smaller, around 0.03 eV. These CI-NEB calculations show that the diffusion barrier primarily consists in
the penalty for escaping the hollow site, while the diffusion
may consequently proceed rapidly across this Top-Bridge
site plateau as the adatom diffuses between adjacent hollow sites. This is reflected in the next-nearest neighbour
CI-NEB calculations which, as shown in Table 5, have extremely similar activation energies compared to the activation between adjacent hollow sites.

Ecoh (ev)
2.95
1.90
4.32
0.80
1.86
1.11
0.11
6.74
1.72

Eads (eV)
0.22
0.96
2.21
1.18
2.23
0.61
0.16
2.31
0.86

Eads /Ecoh
0.08
0.51
0.51
1.47
1.20
0.55
1.47
0.34
0.50

Table 7: Cohesive vs adsorption energies for simulated adatoms.
Values for Ecoh are taken from [43]

3.3. Comparison to experiment
Finally, we compare the results of our calculations to experiment. Firstly, we compare the static properties such as
adsorption energy to available experimental results. These
values are then discussed in the context of clustering behaviour of intercalated species in the bulk and on graphene
surfaces. We then compare our activation energy barriers
to measurements of adatom diffusivity on graphene and
graphite.

in-keeping with the tendency of the Alkali metals to form
2D clusters on graphene. [27, 38] There is a similarly
large ratio for the europium adatom, where it has been
experimentally observed that for Eu-decorated graphene,
the formation of 3D structures is kinetically inhibited at
low temperatures, while at higher temperature there is
the possibility of the coexistence of both the 2D and 3D
structures. [32, 39] In contrast, the Ag adatom displays a
very weak preference for the Ag-C bond, as indicated by
the very small ratio of adsorption to cohesive energy. The
growth of large 3D clusters has been frequently observed in
experiment due to the comparatively much weaker interaction between the silver adatom and graphene. [36, 40–42]

3.3.1. Absorption & Clustering
Owing to technical difficulties, direct experimental results for adsorption energies of many metallic elements on
graphene are quite scarce [22], with very low temperatures
typically being required to avoid aggregation and diffusion,
and so to examine effectively isolated adatoms. However,
there are some experimental results available for some of
the noble gases. [32, 33] Table 6 shows a comparison between the results of our simulations and these measured
experimental adsorption energies. In particular we note
excellent agreement between our results, for both the adsorption energies and the equilibrium heights of Kr and
Xe, while there is a larger discrepancy for the lighter Ar
adatom. Additionally, we note that our calculations are
in close agreement to previous theoretical work employing
van der Waals-corrected DFT [34, 35].
To provide some insight into the more complicated case
of metallic adatoms, and also to provide some insight
into the clustering and aggregation of these nuclear fission products under realistic reactor conditions, we provide a comparison of the cohesive and adsorption energies
in Table 7. These energies are especially important in establishing the type of growth and tendency to aggregate,
which by the criterion of Kern et al. may be applied to
predict whether 2D or 3D growth is favourable at thermodynamic equilibrium, [36, 37] on the basis that 3D growth
will generally be favoured when a species prefers the metalmetal bond over the metal-graphene one [22, 36]. This is
summarised by the ratio of these two quantities in Table
7, where smaller values of the Eads /Ecoh ratio are indicative of greater preference for homoelemental bonding and
clustering.
Our simulations again generally compare well to experiment in this regard. For example, the relatively high ratios of the adsorption energy to the cohesive energy are

3.3.2. Diffusivity
We may relate our calculated energy barriers and transition rates to experiment by using the the EinsteinSmoluchowski equation [15, 48] with our simulated activation energies,
D=

1
ΓT α2
2d

(2)

Here α is the jumping distance, ΓT the total jumping frequency and d is the dimensionality of the diffusion process.
For diffusion between adjacent hollow sites, the prefactor
is then
X 1
D0 =
α2 ωn ,
(3)
4d
n
where ωn is the attempt frequency and the sum is taken
over the number of possible elementary jumps. We have
 E 
a,n
,
(4)
ωn = νn exp −
kB T
It is common to assume that this attempt frequency takes
values in the range 1013 - 1014 Hz [35], which, given our
structural parameters would imply a prefactor of 8.62 ×
10−5 cm2 s−1 . This sits within the range of the available
experimental values, which range from around 9 × 10−6
cm2 s−1 to 4.44 × 10−2 cm2 s−1 for Cs diffusion [45].
Available experiments in the literature were generally
conducted in the range of 700 - 2000K. These correspond
to fundamental temperatures in the range kB T = 0.04
11

Element
Ag [40]
Ba [44]
Cs [45]
I [46]
Sr [47]

T (K)
1170 - 1670
1100 - 1300
1079 - 1290
1170 - 1870

EA,Expt (eV)
0.65
2.04
1.14
0.49
2.18

Dexpt (cm2 /s)
1.0 × 10−6 - 1.0 × 10−8
6.3 × 10−9 - 4.9 × 10−8
1.3 × 10−7
1.0 × 10−5 - 1.0 × 10−8

EA,This work (eV)
0.0020
0.1085
0.0426
0.0013
0.0955

DThis work (cm2 /s)
0.1765
0.0147
0.0679
0.1768
0.0198

Table 8: Comparison of diffusivites (cm2 /s) and energy barriers (eV) between simulations and experiment

eV to kB T = 0.17 eV, and were conducted by depositing adatoms onto the free-standing graphene or the (0001)
graphite surface, and inferring the diffusivities from the
concentration profile of the adatoms vs time. [44–47] From
our van der Waals results, the calculated barriers for activation between adjacent sites generally fall well below
the thermal energy in this temperature range, particularly
for the alkali and alkaline earth metals. This is highly
indicative that these elements will be extremely mobile
in the undefected regions of the graphene surface. The
three species which predominantly bond covalently have
higher activation energies, with the largest being Ru where
EA = 0.75 eV, which is 4 − 20 times the thermal energy in
the relevant temperature range. While this indicates that
Ruthenium diffusion will be significantly slower than the
other elements studied, it will still give rise to relatively
rapid diffusion across the graphene substrate.
A comparison of calculated energy barriers and the associated diffusivities to a selection of experimental results
is shown in Table 8. We focus our comparisons on Ba,
Cs, Sr, I and Ag, for which there are a reasonably large
number of experimental results in the literature. There is
significant discrepancy between the simulated results for
undefected graphene and the experimental results, with
the measured barriers generally being at least 10 times the
theoretical result. We attribute most of this difference to
the essential role that graphene microstruture plays in the
diffusion of these elements. In fact, it is quite unreasonable for the measured experimental numbers to correspond
to the diffusion of these adatoms on undefected graphene
as the measured activation energies generally exceed both
the adsorption energies calculated herein for all three functionals as well as the activation energies of these adatoms
on metals, which are generally expected to be larger than
the diffusion on graphene and graphite. [36]
In addition, previous experimental work has shown that
Au, Cr and Al adatoms [49] diffuse rapidly from undefected regions to the boundaries of edges and holes in the
surface of single layer graphene. In this case, simulated
diffusion barriers were generally in the range found herein,
while the experimental TEM images showed a complete
absence of adatoms in the undefected regions. In light
of these results and the discrepancy between our simulations and experiment, we conclude that it is highly likely
longer-timescale, larger length scale processes such as the
aggregation of adatoms at edges and adatom clustering
play an essential role in the diffusion processes of fission
products on graphene.

4. Conclusions
We have conducted high accuracy ab-initio DFT calculations using the Quantum ESPRESSO suite for the
most commonly occurring products of nuclear fission at a
low concentration of 0.03 per monolayer (ML). A variety
of EXC functionals are considered and the effects thereof
compared.
The elements considered include members of most
groups of the periodic table, which enables us to confirm
and compare these trends to previous theoretical work
on these and other elements. We generally see minima
in the adsorption energies for elements with filled shells,
and that the adsorption energies of noble gases are linearly proportional to their polarisation, which is in good
agreement with prior work using van der Waals functionals for adatoms on graphene. We find excellent agreement
between our simulations utilising the vdw-DF-cx functional and experimental values for noble gas adsorption
on graphene. It is found that that the inclusion of the van
der Waals correction is clearly essential in obtaining accurate values for adatom adsorption, since in the absence
of such a correction both the LDA and the GGA fail to
predict values close to the correct adsorption.
Analysis of bonding mechanisms, via PDOS and Löwdin
charge analysis, shows that that the heavier alkali and alkaline metals predominantly interact with the graphene
sheet via ionic bonding, and act as charge donors which ndope the graphene, which is consistent with the shift in the
Dirac point for these adatoms. In contrast, Iodine accepts
approximately 0.3 e− of charge from the graphene sheet,
leading to p-doping and moving the Dirac point above the
Fermi energy. We find that the noble gases interact primarily via dispersion and the lanthanides and transition
metals generally undergo exetensive covalent bonding with
the graphene sheet, with associated larger adsorption and
activation energies.
CI-NEB calculations have been conducted for all 9 elements for diffusion between adjacent hollow sites. Most
elements diffuse relatively freely, with very small activation barriers, while those elements which form covalent
bonds with the graphene substrate are found to have relatively larger barriers for movement. The resulting activation energies and diffusivites have been compared to
experiment. In light of the difference between our results
and experiment, and in light of prior experimental work for
a number of adatoms on graphene, we draw the conclusion
that larger length and timescale processes such as cluster12

ing, interactions with edges, microscopic holes and immobile defects are likely to comprise the dominant processes
which set the timescale for diffusion of these elements on
graphene and in graphite, thus necessitating the use of
longer-timescale and larger scale methods which are capable of simulating the interaction of adatoms with graphitic
microstructure.
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