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In the event of a nuclear accident, fission products may be released into the
environment. The release of »*! is of particular concern to human health. lodine
can be captured using a number of materials and frequently, this is accomplished
with activated carbon impregnated with organic bases. Previous studies have used
DFT and the graphite (0001) surface as a surrogate for adsorption, those studies
focus on the species I°, |5, and CHzl. In this work we perform an ab initio study of
the adsorption onto the surface of a graphite sheet of |,, CHxl, and inorganic acidic
iodine species (HI, HOI, HIO,, and HIOsz), which were selected to examine the
possible effect of oxidation state on adsorption. The PBE exchange-correlation
functional with D3 dispersion was employed. It was found that for molecular
iodine, the iodine atoms tended to either situate above the center of a hexagonal
site on the graphite or directly atop a carbon atom with the lighter components
resting closer to the graphite. For each species the relative binding energies
spanned the range of 21-33 kJ mol™ and graphite-iodine distance was in the
range of 3.52-3.93 A. In all cases we found no significant charge transfer between
the iodine species and the graphite, thus we conclude that all the iodine species
studied undergo strong physisorption to the graphite.

KEYWORDS

DFT - density functional theory, iodine, adsorption, graphite, inorganic, inorganic iodine
species

1 Introduction

Iodine is a common fission product resulting from the transmutation of uranium fuel in
nuclear power reactors. The short-lived radioactive isotope, '*'I, with a half-life of around
8 days, would be a particular health concern if released into the environment. Capture
materials, such as activated carbon, are used routinely in nuclear power plants (Riley et al.,
2016; Vellingiri et al., 2018) and medical isotope production facilities (Doll et al., 2014) to
remove this hazard during normal operations to reduce emissions to acceptable levels.
Iodine, unlike other common fission products such as noble gases, is challenging because of
the wide range of molecular forms and oxidation states (from +7 in IF; to —1 in hydroiodic
acid) that can be adopted. Iodine can change between oxidation states either by chemical
reaction or disproportionation in both the gas and solution phases (Wren et al., 1986; Saiz-
Lopez et al., 2012; Gomez Martin et al.,, 2022). In the atmosphere, a wide variety of chemical
forms are observed due to radical pathways that can be initiated by interaction with light,
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whereas in the solution phase, iodide (I7), iodate (IO3) and
molecular iodine (I,) are the most common species (Pourbaix,
1974). In the event of a nuclear incident and subsequent release
of radioactive iodine, such as the Fukushima accident, iodine-
containing species could potentially interact with a number of
surfaces causing further molecular interconversions. For example,
the stainless steel reactor vessel, soil in the sub-surface and
a detailed
understanding of these complex chemical networks is required to

particulates in the atmosphere. Consequently,
design effective emergency response to contain the hazard to human
health. The foundational science needed as a basis for this
understanding begins with simple models of how iodine-
containing molecules interact with surfaces such as pristine
graphite surfaces as surrogates for one of the most important
components in an activated carbon material.

The interaction of iodine-containing species with carbon-based
capture materials has been studied extensively both experimentally
and theoretically with a focus on molecular iodine, I,. Measurements
have been made to probe adsorption and desorption behavior on
activated carbons (Reyerson and Cameron, 1936; Juhola, 1975; Liu
et al,, 1993; Bhatia et al., 2000; Park and Yang, 2005) and also other
carbon materials such as graphite (Salzano, 1964; Iwamoto and
Oishf, 1968), coal (Aronson et al., 1976) and carbon black (Kipling
et al, 1964). Notably, Park and Yang (Park and Yang, 2005)
to be
approximately 51 kJ mol”’, which is a direct measure of the

determined the activation energy for desorption
strength of interaction between iodine and the sorbent. Salzano
measured both physisorption and chemisorption during adsorption
of iodine on graphite (Salzano, 1964). Iwamoto and Oiski showed
that both the heats of adsorption and activation energies for
desorption varied with coverage for iodine on graphite (Iwamoto
and Oishf, 1968). The heat of adsorption were reported as ranging
from 50-79 kJ mol™, whereas for the activation energy of desorption
distinction was made between physisorbed iodine (79-130 k] mol ™)
and chemisorbed iodine (142-200 kJ mol ). Kipling and co-workers
make conclusions regarding the packing structure of molecular
iodine on the carbon surface based on the measured adsorption
capacity (Kipling et al., 1964), and relate it to that observed in the
molecular iodine crystal structure.

Although direct structural observation of iodine on the carbon
surface are difficult, spectroscopic probes can provide useful
information. Ghosh and co-workers performed measurement of
shifts in Raman bands on adsorption of halogen molecules on
nanotubes and graphene, and correlated the observations with
density functional theory calculations (Ghosh et al., 2012). They
observed that halogen-containing molecules have a greater degree of
charge transfer between the molecule and the nanotube for halogens
of higher electronegativity and of the halogens with stable isotopes
iodine has the lowest electronegativity.

The majority of previous computational studies have focused on
the behavior of molecular iodine bound to graphene surfaces. Gerber
and co-workers studied the adsorption of both atomic and
molecular iodine on graphene surfaces using a number of a
density functional including non-local van der Waals corrections
(Tristant et al., 2015). The calculated adsorption energy is strongly
dependent on the binding site geometry and spans a range of
30-50 kJ mol ™. Rudenko and co-workers investigated the binding
of diatomic halogen molecules to graphene surfaces using a van der
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FIGURE 1

Structural models used in this study. These are (A) the 4-atom
hexagonal unit cell of graphite, (B) the 3 x 3 hexagonal slab (54 atoms),
(C) the 5 x 5 hexagonal slab (150 atoms), and (D) the 7 x 7 hexagonal
slab (294 atoms).

Waals density functional methods (Rudenko et al.,, 2010). They
calculated binding energies ranging from 34-36 k] mol* for out-of-
plane geometries and 48-50 k] mol™ for in-plane geometries. They
also predict the contribution of charge transfer to the binding
energy. In the case of diatomic iodine, they showed that the
binding energy was approximately five times greater when van
der Waals interaction were included in the DFT functional than
with no van der Waals interaction. This is evidence that some
combination of physisorption and chemisorption is occurring but
with physisorption being the larger contributor.

In this work, we present a comprehensive fundamental
computational study addressing the interaction of a number of
iodine-containing molecules with a graphite surface examining
the effect of choice of modeling approach, system size and model
representation to predict binding geometries and energetics. In
particular, we probe the extent to which charge transfer may
occur between the surface and the adsorbed molecule to
understand the balance between physisorption and chemisorption
effects. Our work examines the previously studied I, and CH;I
molecules (Connor et al., 1961; Salzano and Eshaya, 1961; Salzano,
1964; Iwamoto and Oishf, 1968; Osborne et al., 1976; Walton et al.,
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2014; Gonzalez-Garcia et al., 2011; Chun et al., 2016); HI and HOI
which may arise from dissolution processes (Riley et al., 2016); and a
sequence of iodine-containing inorganic acids (HIO, and HIO3) to
allow for a systematic investigation of higher iodine oxidation states.

2 Materials and methods

In order to properly study adsorption processes on the surface of
graphite, it is necessary to validate the computational methodology
(vide infra) for the bulk structure of the substrate. The hexagonal
structure of graphite (Baskin and Meyer, 1955; Trucano and Chen,
1975) (space group P6s/mmc, Figure 1A) was employed for this
purpose. Specifically, lattice constants, phonon frequencies, elastic
constants, and densities of states were used to evaluate whether
specific methodologies were appropriate for this work.

Adsorption of I,, HI, HOI, HIO,, and HIO; molecules were
modeled on the (0001) graphite surface using three-layer-thick slabs.
Slabs were expanded laterally to have 3 x 3 unit cells (54 atoms,
Figure 1B), 5 x 5 unit cells (150 atoms, Figure 1C) and 7 X 7 unit cells
horizontally (294 atoms, Figure 1D). When one adsorbate molecule
was placed on the surface, the surface coverages were 1/9, 1/25, and
1/49 where the denominator is the number of Cg rings in the slab
model. Alternatively, these coverages correspond to 0.021,
0.0076 and 0.0039 molecules per A2 respectively. Activated
carbon (AC) materials with CO, surface areas of 130-150 m*/g
adsorb approximately 2 g of I, per Gram of AC (Bhatia and Shethna,
1994; Bhatia et al., 2000). The corresponding surface coverage is
approximately 0.3 molecules per A% so attempts to exclude the
influence of periodic images result in underestimating the surface
coverage. Temperature programmed desorption (TPD) experiments
on AX-21 activated carbon (a super-activated carbon) recorded a
Brunauer-Emmett-Teller (Brunauer et al., 1938) (BET) surface area
of 2,500-2,800 m*/g saturated at 3.25g I, per g AX-21 (Park and
Yang, 2005). The corresponding surface coverage is 0.03 molecules
per A which is comparable to the highest coverage used in this
study.

The three slab sizes were all tested when examining the I,
adsorption. Subsequently, for the HI adsorption initial analysis
was done using the 3 x 3 slab size. The 5 x 5 slab size was also
tested for a subset of the adsorption sites. All other adsorptions were
conducted using the 5 x 5 slab size.

Understanding how strongly iodine-containing molecules will
stick to the graphite (0001) surface requires defining the adsorption
energy. This is defined as the reaction of the isolated molecule with
the surface slab resulting in the molecule adsorbed on the surface.
The energy change for this process is given in Eq. 1.

Eads = Eslub+molecule - Eslab - Emolecule (1)

E,4s is the adsorption energy, Egupimotecute 18 the energy of the
combined system, Eg,, is the energy of the slab without the
adsorbate, and E, ecue is the energy of the isolated molecule.
Each energy term was calculated in a separate ab initio
calculation with optimization of atomic positions with fixed cell
dimensions. All atom positions were left unconstrained during each
calculation, meaning our adsorption energy includes the effect of
structural reorganization of the graphite by the adsorbed molecules.
The implication of which is that our calculated E,; includes the
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FIGURE 2
High-symmetry surface sites investigated for adsorption: top site
(green), bridge site (blue), and hollow site (red).

change in energy from the deformation of the slab and molecule. In
this work, each energy is taken as the total energy of the
corresponding electronic structure calculation. No zero-point
energy (ZPE)
entropic) contributions are included in this analysis. It is
apparent that real adsorption behavior will include these thermal

contributions or thermal (enthalpic and/or

effects; however, the differences are expected to be small and the use
of total energies suffices for the purpose of comparing the energetics
of adsorption between different molecules. This was explicitly tested
with the adsorption of I, and HOI onto the graphite sheet. The ZPE
for I, was found to be 2.9 kJ/mol vs 2.8 k]/mol after adsorption, and
HOI was found to be 66.4 kJ/mol vs 65.2 kJ/mol after adsorption.
These differences are much smaller than the expected adsorption
energies of the molecules, therefore we conclude that they are
unlikely to be a significant contributor to the other species studied.

Determining the most favorable adsorption geometry requires
investigating multiple potential sites. We identified three high-
symmetry sites for adsorption as shown in Figure 2. These sites
are located on top of a surface carbon (top site), in the center of a
C-C bond (bridge site), or in the center of a hexagonal carbon ring
(hollow site). In principle, there are two forms of the top site
depending on whether a subsurface carbon lies directly below the
surface carbon. We do not employ this distinction as the two
possible top sites showed similar behaviors.

Spin-polarized Kohn-Sham density functional theory (KS-DFT)
(Hohenberg and Kohn, 1964; Kohn and Sham, 1965) calculations
were performed using the Vienna ab Initio Simulation Package
(VASP) version 5.4.4 (Kresse and Hafner, 1993; Kresse and
1996a; 1996b). The
projector augmented-wave method (Blochl, 1994) (PAW) was

Furthmiiller, Kresse and Furthmiiller,

used to represent the interactions between nuclei and electrons.

Standard (not soft) PAW potentials were taken from the VASP
library (Kresse and Joubert, 1999) with the following valence
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TABLE 1 A comparison of the structural and elastic properties of graphite computed with the PBE-D3, revPBE-DF, SCAN, and SCAN-rVV10 XC and dispersion
approximations. C;; values are reported in units GPa, a and c are given in units of A.

PBE-D3 revPBE-DF SCAN SCAN-rVWW10 Experiment
A 247 2.48 2.45 2.45 2.4603 Baskin and Meyer. (1955)
C 6.93 7.11 6.92 6.73 6.672 Baskin and Meyer. (1955)
Ciy 1,032 957 1,063 1,095 1,060 +/- 20 Blakslee et al. (1970)
Ci 210 173 198 203 180 +/- 20 Blakslee et al. (1970)
Cis -2.5 -2.6 -2.7 —4.2 15 +/- 5 Blakslee et al. (1970)
Cs3 284 29.8 274 31.7 36.5 +/- 1 Blakslee et al. (1970)
Cu 1.4 1.3 3.8 4.2 0.18-0.35 Blakslee et al. (1970)
Ces 410 392 444 457 440 +/- 2 Blakslee et al. (1970)

electrons treated explicitly: ‘H’ (1s'), ‘C’ (2s°2p®), ‘O’ (2s*2p*), and T’
(5s’5p°). Electron exchange and correlation (XC) were treated
within the generalized gradient approximation (GGA) of Perdew,
Burke, and Ernzerhof (Perdew et al., 1996) (PBE) and the strongly
constrained and appropriately normed (SCAN) (Sun et al,, 2015)
meta-GGA functionals. The planewave kinetic energy cutoff was
900 eV. For the hexagonal graphite unit cell, a 15 x 15 x 9 T'-centered
mesh was used. Reduced k-point meshes were used for supercells in
order to keep the k-point spacing approximately equal in all
calculations. Gaussian smearing with a width of 0.1eV was
employed. This approach limits the entropic contribution to the
total energy to less than 1 meV/atom. With these parameters, the
total energy of the graphite unit cell (4 atoms) was converged to
1 meV/atom. Bulk system band structures were computed using the
improved tetrahedron method of Blochl, Jepsen, and Andersen
(Blochl et al., 1994). For slab calculations, only 1 k-point was
used in the direction normal to the surface to minimize
interactions between the slab and its periodic image. This gives
5x5x1,3x3x1and3 x 3 x 1T-centered k-point meshes for the
3x3,5x5and 7 x 7 slabs, respectively. At least 10 A of vacuum was
placed between the slab and its periodic image. All adsorption of
molecules onto a the graphite slab was converged to less than
0.02 eV/A, we found that this was sufficient to converge the
adsorption energies to less that 1 kJ/mol. A dipole correction was
applied to correct for the asymmetry of adsorption onto only one
face of the graphite. Example INCAR and POSCAR files showing the
computational settings and structures are provided in the
supporting information.

Graphite contains carbon atoms covalently bonded in planes
(Bucko et al., 2010). The layers are held together through dispersion
(van der Waals) interactions. GGA functionals such as PBE poorly
describe dispersion as evidenced by the extraordinarily large
interlayer spacing predicted for graphite (Bucko et al., 2010). It is
expected that meta-GGA functionals should incorporate some
intermediate-range dispersion interactions (Peng et al., 2016).
However, several methods have been proposed to improve the
description of dispersion interactions in energies, geometries, and
charge densities computed with DFT. These fall into two classes: a
posteriori corrections that depend on an empirical potential (e.g.,
Grimme’s DFT-D family of corrections) (Grimme et al., 2010) and
self-consistent corrections where an explicit dispersion term is

Frontiers in Nuclear Engineering 04

added to the XC functional (e.g., the DFT-DF (Dion et al., 2004)
approach). In the case of DFT-DF, non-spherical contributions to
the gradient component of the XC functional are allowed inside the
PAW spheres. This last choice reflects the tendency of DFT-DF
dispersion models to produce favor aspherical densities when
compared to standard GGA calculations (VASP Wiki: VdW-DF
functional of Langreth and Lundqvist, 2020). To explore the effect of
employing these functionals, we opted to utilize the vDW-DF
tailored for the revPBE functional (Dion et al, 2004; Romdn-
Pérez and Soler, 2009; Klime$ et al., 2011). We compare these
approaches for the bulk structure of graphite (sec. 3.1) and the
adsorption of the I, molecule (sec. 3.2).

3 Results and discussion

3.1 Graphite

Modeling adsorption of iodine-containing molecules on
graphite requires validation that the chosen methods can
properly describe the graphite bulk structure and electronic
properties. Existing work has applied various XC functionals
of LDA, GGA, and MetaGGA forms to graphite with mostly
negative results. GGA calculations overestimate the interlayer
spacing by 32% (Bucko et al., 2010). LDA calculations produce a
bound structure; however, this is likely a fortuitous effect of the
known tendency of LDA calculations to overestimate cohesive
energies (van de Walle and Ceder, 1999). The fact that LDA and
GGA functionals do not explicitly address dispersion (van der
Waals) interactions causes this failure. MetaGGA functionals,
such as the SCAN functional, are thought to describe dispersion
interactions over intermediate distances. Different methods of
accounting for the dispersion interactions in graphite (vide
supra) are compared in Table 1.

Previous studies (Lebedeva et al., 2011; Peng et al, 2016;
Lebedeva et al., 2017) have investigated a wide-range of methods
for describing the inter-layer dispersion interactions in bilayer
graphene and graphite. The results in Table 1 disagree with
previously published values. The PBE-D3 was previously reported
to predict elastic constants Cs3 and C,y of values 22.9 and 1.89
(Lebedeva et al., 2017), compared to our results of 28.4 and 1.4.
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Projected densities of states (PDOS) for bulk graphite calculated with PBE-D3 (A), DFT-DF (B), SCAN (C), and SCAN-RVV10 (D) approaches. The s
states are in red and the p states in blue. Positive values for the a-spin states and negative values for the -spin states.

Similarly, revPBE-DF was reported with elastic constants Cs3 and
Cy4 of values 31.4 and 2.67 (Lebedeva et al., 2017), compared to our
results of 29.8 and 1.3. In both cases the static elastic constants were
calculated with a structure optimized with just PBE without vDW,
we believe this along with differences in planewave cutoff and
k-point mesh explains the difference. For SCAN we see closer
agreement comparing the lattice constants a and ¢ previously
reported as 2.45A and 6.86 A (Peng et al, 2016) compared to
our calculated values of 2.45 A and 6.92 A. For SCAN-rVV10 the
lattice constants were previously reported as 2.45 A and 6.54 A
(Peng et al., 2016) compared to our calculated 2.45 A and 6.73 A.
In the case of SCAN the difference in the c lattice constant could be
explained by the difference in the computational parameters: we
employ a denser k-point mesh (15 x 15 x 9 vs. 12 x 12 x 6) and
higher planewave energy cutoff (900 eV vs. 800 eV). However, it is
unclear whether this is sufficient to explain the disagreement in the
SCAN-rVV10 results. Despite this we do find that our SCAN-rVV10
results do the best at reproducing the experimental lattice
parameters. Although, the SCAN-rVV10 approach offers the best
structural performance, it is less clear which functional is superior in
reproducing the elastic constants.

Frontiers in Nuclear Engineering

The question of the best method to achieve the correct electronic
structure remains important. Figure 3 shows the densities of states
(DOS) for bulk graphite computed with different methodologies. In
all cases, the relaxed geometry obtained with that method is used to
compute the DOS. The a posteriori nature of the D3 corrections
make the resulting DOS (and charge density) identical to a PBE
calculation at the same geometry. What Figure 3 reveals is a relative
consistency between the methods in the calculated DOS; however, a
clear distinction arises near the Fermi level. A small band gap (less
than 42 meV) exists in the PBE-D3 and DFT-DF electronic
structures. These values are consistent with the experimentally
determined bandgap of approximately 40 meV (Garcia et al,
2012). Both of these are based on GGA formulations of the XC
functional, and the difference between a posteriori and self-
consistent dispersion calculations has minimal effect on the
computed densities of states. In contrast, the calculation using
the SCAN Meta-GGA XC functional reveals a significant band
gap of approximately 0.84 eV, whereas inclusion of self-
dispersion SCAN-RVV10
formulation) still yields a band gap of approximately 0.82eV.
Noting that DFT is a ground-state theory and typically

consistent corrections (via the
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FIGURE 4

The two most favorable |, adsorption configurations on graphite. (A) hollow-hollow configuration and (B) offset configuration. lodine (purple),

surface carbon (brown), and subsurface carbon (silver) atoms are shown.

TABLE 2 I, Adsorption energies (E,4) for the hollow-hollow configuration
calculated with the PBE-D3 methodology for different slab sizes. The

corresponding coverages are also provided in mg/m? and mg/g where the
specific surface area was taken to be 1.8 m?/g (lwamoto and Oishf, 1968).

Coverage (mg/m? | mg/q)

Eqqs (kJ/mol)

3x3 0.89 | 1.60 39.4
5x5 ‘ 0.32] 0.58 33.1
7%x7 ‘ 0.22 | 0.40 25.5

underestimates the bandgap (Perdew, 1985), the Meta-GGA results
do not reproduce the experimental band gap of graphite well. As our
primary focus is on the adsorption of molecules onto the graphite
surface the accuracy in electronic properties is more important than
the accuracy in structural properties. For this reason we elected to
use the PBE-D3 functional in subsequent calculations. To our
knowledge, this is the first time that these methods have been
compared for the electronic structure of graphite.

3.2 |, adsorption

An analysis of I, adsorption on graphite requires a structural
model for the graphite (0001) surface. A 3 x 3 surface slab was used
for an initial survey of the potential sites where molecular iodine
could adsorb. High-symmetry sites were used to anchor the first
iodine atom, and the second was placed either directly above the first
atom or over another high symmetry site with the I, molecule angled
upward from the first atom to the second atom. This initial geometry
search revealed that the most favorable conformation was placing
the I, parallel to the surface. When the surface was expanded to 5 x
5, two configurations (Figure 4) had the strongest adsorption
energies.

The first configuration (Figure 4A) involves the iodine atoms
each sitting above a hollow site. The second configuration
(Figure 4B) has one iodine displaced from the hollow site toward
a top site while the second iodine resides on (or near) a bridge site.
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The adsorption energies computed with the PBE-D3 methodology
for the hollow-hollow configuration are reported in Table 2.
Standard PBE calculations for the hollow-hollow configuration
on the 3 x 3 slab give a binding energy of less than 1 kJ/mol.
This indicates that surface-I, interaction is almost all dispersive.

The trend in Table 2 shows a decrease in the adsorption energy
with decreasing surface coverage. By contrast, experimental studies
(Iwamoto and Oishf, 1968) have found that lower coverages
correspond to higher heats of adsorption for physisorbed iodine.
The difference in the calculated and experimental observations are
likely the result of the supercell model in the periodic calculations
influencing the way that the dispersion energies are calculated. On
the smallest slab, the PBE-D3 method yields the strongest
interactions between periodic images of the adsorbate. As the
distance between periodic images is increased, the r® and r®
terms decrease in magnitude and the corresponding dispersion
correction is reduced. At the same time, the adsorbate-slab
dispersion interactions should be similar for all coverages since
the slab-iodine distance is consistent (3.72-3.73 A) in the 3 x 3 and
5 x 5 calculations. It is shorter (3.64 A) in the 7 x 7 calculation.
Furthermore, the dispersion energy in the slab calculations without
the adsorbate is 0.070 eV/atom for all three slabs. The net result is
that the PBE-D3 adsorption energies are expected to decrease as the
coverage decreases. Iwamoto and Oishi (Iwamoto and Oishf, 1968)
suggest that low coverage adsorption of I, occurs mainly at the edges
of the basal plane instead of on its surface. Thus, the comparison
between their experiments and our calculations should break down
at coverages below 0.48 mg/g. Measuring adsorption energies (or
desorption activation energies) as a function of iodine coverage on
highly-oriented pyrolitic graphite would provide a way to validate
the trend obtained from the periodic calculations.

3.3 HI adsorption
Being diatomic, the possible configurations for HI are nearly

identical to I, from the previous section. However, due to the
asymmetry of the molecule, we now have to consider cases in
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TABLE 3 Adsorption energies (E,4;) for all configuration of HI molecule on
graphite surface.
Adsorption site (I-H) Eqds (kJ/mol)

hollow-hollow dissociates

hollow-bridge 19.8
hollow-top 19.5
hollow-vertical (H up) 20.5
hollow-vertical (H down) 19.8
bridge-hollow 20.8
bridge-top 212
bridge-vertical (H up) 21.2
bridge-vertical (H down) 20.5
top-hollow 19.5
top-bridge 212
top-vertical (H up) 20.5
top-vertical (H down) 19.7

which the molecule aligns perpendicular to the graphite slab. When
the hydrogen is located closer to the graphite than the iodine it will
be referred to as H down, and when the hydrogen is located further it
will be referred to as H up. Based on the small size of the molecule we
used the 3 x 3 graphite slab size for the calculations. The adsorption
energy for all configurations are summarized in Table 3. The hollow-
hollow site requires a non-physical stretching of the HI bond, this is
what leads to dissociation. This would not occur naturally due to the
energy needed to stretch the bond to that degree.

Each site has a significant adsorption energy, however there is no
clearly energetically preferred adsorption site. Given the number of
configurations sampled, this suggests the HI could be mobile along
the surface assuming the barrier to movement is small. When the
hydrogen is placed between the iodine and the graphite (i.e., H
down) there is a decrease in the adsorption energy. This is
understandable as hydrogen position necessarily causes the iodine
to be located further away from the surface. We also tested the
convergence of the graphite slab size and found that increasing the
slab size to 5 x 5 made a 1.1 kJ/mol difference for the top-vertical (H
up) configuration). Overall, we observe little energetic change based
on the position of the hydrogen atom, and therefore conclude that
the binding is dominated by the dispersion interaction between the
iodine atom and the graphite surface. This is further evidenced by
the stronger adsorption energy of the I, molecule, having two iodine
atoms contributing to the dispersion interactions.

3.4 HOI adsorption

Hypoiodous acid (with iodine in the +1 oxidation state), HOI, is
frequently discussed in the context of molecular iodine dissolving
into aqueous solutions (Wong, 1980). However, it is a likely species
in a nuclear reactor effluent (Riley et al., 2016). The HOI molecule is
bent which adds numerous potential adsorption configurations. For
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example, whether the molecule is flat or perpendicular to the surface
and also which atom prefers to be closest to the surface.

To answer these questions, we start with three possible
configurations of the HOI molecule (Figure 5) featuring the I-O
bond parallel to the surface and the O-H bond directing the H atom
toward the surface (down), parallel to the surface (flat), or away from
the surface (up). These configurations are augmented by placing the
iodine above the high-symmetry sites (hollow, top, bridge) and
rotating the molecule such that the I-O bond is directed toward an
adjacent high symmetry site though the O will not lie directly on top
of that site. Optimization of the initial configurations using the PBE-
D3 approach reveals that the flat configuration is not stable and
results in the hydrogen rotating into the down configuration. We
used the 5 x 5 graphite slab size for the calculations.

The strongest adsorption is found to occur with the iodine on a
hollow site, the oxygen on a bridge site with the I-O bond crossing a
top site and the hydrogen directed towards the surface (see Figure 6)
resulting in a calculated adsorption energy of 30.8 kj/mol. The
iodine prefers the hollow site by approximately 6kJ/mol and
having the hydrogen oriented towards the surface is preferable by
5-6 kJ/mol. The preference for this configuration can be attributed
in part due to the m-orbitals of the graphite which are known to
extend perpendicular to the plane from each carbon atom, combined
with the lone pair electrons of the oxygen. These would naturally
result in the oxygen being repelled from the top sites and relaxing
into either the bridge or hollow site.

The surface-iodine distance is comparable to the adsorption of I,
(vide supra) which results in sufficient space for the oxygen and the
hydrogen to move toward the surface. This adds favorable
dispersion interactions with the surface resulting in a lower
adsorption energy. The most favorable configuration suggests
that monolayer adsorption of HOI would involve one molecule
per hollow site.

A Bader charge analysis of the HOI molecule shows that no
charge transfer occurs upon adsorption. This is not unexpected,
however, since the electron density arises from a DFT-PBE
calculation which fails to property describe
interactions. Thus, no significant perturbation occurs when the
molecule adsorbs to the surface.

dispersion

3.5 HIO, adsorption

Progressing to the next highest possible oxidation state of iodine
(+3) leads to iodous acid (HIO,). This molecule was recently
detected in atmospheric experiments (Sipild et al., 2016).

Unlike the preceding molecules, HIO, has the potential for non-
planar behavior. The following considers on the most stable isomer,
HOIO, as determined by high-quality computational chemistry
calculations (Khanniche et al., 2017). Bond lengths, bond angles,
and dihedral angles from this work agree reasonably well with the
existing literature (addition detail is provided in the Supplementary
Material). Of note, the dihedral angle is nearly 90 degrees indicating
that the O-H bond lies perpendicular to the plane formed by the
0O-1=0 backbone.

As discussed previously, the set of possible adsorption sites and
molecular orientations is large. For HIO,, the adsorption site was
characterized by the initial position of the iodine atom relative to the
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H down

FIGURE 5

H horizontal

H up

Starting configurations for the HOI molecule: with the hydrogen pointed toward the graphite (A), pointed in plane with the graphite (B) and pointed

away from the graphite (C).

FIGURE 6
Optimal configuration for HOI molecule adsorption onto
graphite.

surface carbons. The hollow, bridge, and top sites were chosen for
this study. Furthermore, different orientations of the HIO, molecule
were chosen: one where the I=0 bond is perpendicular to the surface
(with the O pointing upward) and another where the O=I-O
backbone is nearly parallel to the surface. This leads to a total of
six position/orientation combinations that were explored. We used
the 5 x 5 graphite slab size for the calculations.

After optimizing the adsorption geometries described in the
previous paragraph, the adsorption energies ranged from 9.6-23.1 kJ/
mol. HIO, oriented with the I=O bond pointing upward were bound
more strongly (by at least 8 kJ/mol) to the surface than the configurations
where the O-I=O was oriented mostly parallel to the surface. The
strongest adsorption occurred with the I=O bond pointing upward
and the iodine atom sitting on a top site (see Figure 7). The optimizations
also revealed certain preferences about the adsorption of HIO,. Namely,
regardless of the orientation of the rest of the molecule if the iodine is
initially situated above a bridge site it will relax until it is either above a
top site or hollow site.

Frontiers in Nuclear Engineering

FIGURE 7
Optimal configuration for HIO, molecule adsorption onto
graphite, with oxygens lying above the hollow graphite sites.

3.6 HIOs adsorption

The final acidic species of the series is iodic acid (with iodine in
the +5 oxidation state), the geometry of which can be visualized as
approximately trigonal pyramid with asymmetry caused by the
hydrogen on one oxygen. The optimized configurations on the
surface can be described with three common structural features:
1) the iodine corner of the pyramid pointing perpendicular to the
graphite plane either towards or away from the surface, 2) the iodine
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FIGURE 8
Optimal configuration for HIOs molecule adsorption onto
graphite, with oxygens lying above the hollow graphite sites.

lying at either a hollow or top site (the bridge is assumed to be not
energetically favorable based on HIO, results), and 3) orienting the
oxygens to, as closely as possible, occupy a hollow, top, or bridge site.
This results in six configurations. We again used the 5 x 5 graphite
slab size for these calculations. Overall, the most favorable
adsorption sites have the iodine is pointing away from the plane
of the graphite with the oxygens lying closer to the graphite plane.
The exact locations of the oxygen atoms have little effect on the
binding energy. When they are above the bridge sites the adsorption
energy was 23.5 kJ/mol and when they lie above either the top or
hollow sites the adsorption energy was 23.9 kJ/mol. A side view of
the absorption site with the oxygens above the hollow site is shown
in Figure 8.

An additional Bader charge analysis of the iodic acid was
performed both before and after adsorption. No significant
charge transfer was found (<0.05) therefore we conclude that the
molecule is physisorbed.

3.7 CHsl adsorption

The calculated binding sites for methyl iodide can similar to
those for HI but with the methyl group replacing the proton. The
free rotation about the C-I bond results in the exact position of the
hydrogen having an negligible effect on the results. We used the 5 x 5
graphite slab size for the calculations. The adsorption energy for all
configurations are summarized in Table 4.

We observed that for when examining each site with the C-I
bond orientation relative to the graphite was kept constant there was
very little change in the absorption energy. Therefore, similar to the
results from HI, we expect the uniformity of the in-plane adsorption
energies could result in CH;I possessing low barriers to translational
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TABLE 4 Adsorption energies (E,4s) for all configuration of CHsl molecule on
graphite surface.

Adsorption site (I-C) Eqas (kJ/mol)

hollow-hollow 28.9
hollow-bridge 289
hollow-top 284
hollow-(CH3 up) 20.7
hollow-(CH; down) 18.3
bridge-hollow 28.5
bridge-bridge 27.9
bridge-top 282
bridge-(CH3 up) 214
bridge-(CH; down) 18.5
top-hollow 285
top-bridge 283
top-top 28.0
bridge-(CH; up) 21.7
bridge-(CH; down) 18.8

FIGURE 9
Optimal configuration for CHzl molecule adsorption onto
graphite. With lodine and carbon lying above hollow sites.

motion across the graphite surface. When site location is held fixed
and we look at the different orientations of the C-I bond relative to
the graphite we find that adsorption energy is greatest when the C-I
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TABLE 5 Comparison of oxidation state of iodine, adsorption energies E 45 (kJ/
mol), and surface-iodine distance d (A) for all studied iodine compounds.

Molecule Ox state Eods d

I, 0 33.1 3.73
HI -1 212 3.52
CHil -1 289 3.69
HOI 1 30.8 3.68
HIO, 3 234 3.79
HIO; 5 239 3.93

TABLE 6 Comparison of graphite surface-iodine distance d (A) and bond
length r (A) for chlorine and fluorine bonded iodine compounds.

Molecule (Frnin|Favg|Fimax) d
I, 1.95/1.98/1.99 470
IF, 1.96/1.98/1.99 463
1F, 1.91]1.96]1.98 453
ICL, 2.48]2.48[2.48 5.57
ICls 2.45[2.50[2.52 5.58
1cl, 2.45[2.55[2.58 555

bond is oriented parallel to the surface. While we observed the
perpendicular configurations to be stable, they are less energetically
preferred. Based on this we expect that over time any CHj;l that
binds perpendicular to the graphite will eventually relax into a
The

configuration parallel to the graphite. hollow-hollow

configuration is shown in Figure 9.

3.8 Trends in adsorption energies and
behaviors

Based on the Bader charge analysis performed on the molecules
both before and after adsorption, we find that in all cases there was
no significant charge transfer between the molecules and graphite
surface and therefore all the molecules are predicted to be
physisorbed to the surface. The adsorption energy is due entirely
to the strength of the dispersion forces between the atoms of the
molecular species and the graphite slab. To examine this further
Table 5 summarized the adsorption energy and the graphite-iodine
separation distances.

There is an apparent trend present between the oxidation state
of the iodine and the distance between the iodine and the graphite
sheet. As oxidation state increases we observe an increase in the
iodine-graphite distance. To explore this further an addition set of
calculations were performed for the series of molecules IF;, IFs,
1F,,ICl;, ICls, and ICl; with iodine oxidation states (+3)-(+7). The
trihalogenated molecules form a T-shape and were oriented such
that the atom forming the bottom of the “T” was between the iodine
and the graphite. The pentahalogenated and heptahalogenated
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TABLE 7 Summary of results for the linear response calculation. Adsorption
energy and graphite iodine distance are also displayed for reference.
Adsorption energy is given in (kJ/mol), graphite iodine distance d in A, and all
other data is in atomic units.

Molecule HI HIO, HIO; CHsl z[0]] I

Eoas 212 234 239 289 308 33.1
d 352 3.79 393 3.69 3.68 373
Qo 23.09 35.63 40.92 3724 2800 5175
Qamiso 8.12 22.60 15.08 20.85 1608 49.04
Clavg 23.09 35.63 4092 3724 2800 5175

molecules can be thought of as spherical. All molecules were
situated above a hollow site for simplicity. The 5 x 5 graphite
slab size for the calculations. The results are summarized in Table 6.
The results of this supplemental analysis show that it was not the
oxidation state of the iodine that determined the distance from the
graphite, but rather the physical size of the molecule.

To explore whether or not the strength of adsorption could be
explained by London dispersion (London, 1937), we performed a
supplemental examination of the static polarizability of the
molecules in a vacuum (Autschbach, 2007; Hammond et al,
2009; Autschbach, 2011; Mullin et al., 2012; Mullin and Schatz,
2012). This was performed using NWCHEM software (Apra et al.,
2020). For this supplemental study we opted to use the PBE
functional, with the 6-311G** basis set (Krishnan et al., 1980;
Glukhovtsev et al.,, 1995). To ensure consistency the geometries
were allowed to relax before performing the polarizability
calculation. The results of the calculation are the electric dipole
), the isotropic static polarizability («;,), the anisotropic static
polarizability (asuis0) and the average static polarizability (a,yg).
These are summarized in the Table 7 below:

The most promising trend we observe is that as the isotropic
polarizability increases so does the adsorption energy. However,
CH;l and HOJ, do not follow the trend. CH;I can plausibly be said to
have a higher adsorption energy by being able to adsorb closer to the
graphite. However, this would not be enough to explain why HOI
has a higher adsorption energy than CH;I, despite having nearly
identical surface to iodine distance and a smaller polarizability. The
most likely hypothesis in our opinion is that the relative location and
orientation of the HOI above the graphite leads to a greater London
dispersion force than would be predicted by a simple comparisons of
the magnitude of the static isotropic polararizability. Further
calculations exploring this are beyond the focus of this work, but
may be explored in future studies.

In summary, while we do observe an apparent qualitative trend
between isotropic polarizability and the adsorption energy, other
factors such as orientations and distance prevent us from concluding
a definitive quantitative trend exists.

4 Conclusion

In the event of a nuclear accident various radioactive fission
products can be released into the environment. "'lodine in
particular has a half-life on the order of days and presents a
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significant health risk. Low maintenance capture materials such as
activated carbon are often employed to mitigate the release of fission
products into the atmosphere. In this study, we sought to provide
insight into the interaction of iodine-containing molecules and
pristine graphite as a surrogate for activated carbon. The
chemistry of iodine is complex and can include a wide range of
properties. To investigate this we combined a set of common
gaseous iodine-containing molecules (I,, HI and CH;I) and a set
of molecules that sample much of the possible oxidation states of
iodine (HOI, HIO,, and HIO3).

We systematically examined various methods of modeling the
graphite to achieve a high degree accuracy and found thata 5 x 5 cell
of graphite containing 3 vertical layers was sufficient to converge the
adsorption energy to less than 1 kJ/mol. In addition, we found that
of the XC functionals tested SCAN-rVV10 was most accurate in
terms of structure, but overestimated the band gap. In comparison,
PBE-D3 produced a band gap comparable to experiment, as such we
chose to proceed using the PBE-D3 functional.

We proceeded to investigated the most favorable binding sites of
our set of iodine-containing molecules. Our analysis found similar
adsorption energies strengths for all species studied in the range of
21-33 kJ/mol. We also found that through Bader charge analysis
that the adsorption was entirely due to physisorption with negligible
charge transfer occurring between the molecules and graphite
surface. As our results rule out any chemisorption between the
iodine-containing molecules and the graphite surface, this suggests
that any chemisorption measured experimentally is due to
impurities or defects. Although there was an apparent trend
between the iodine oxidation state and the proximity of the
molecules to the graphite, a supplemental study using fluorinated
and chlorinated iodine showed that the size and not the oxidation
state was responsible for the apparent trend. An examination of the
static polarizability of the molecules found a qualitative trend
connecting increased polarizability to increased adsorption
energy. These findings are consistent with the conclusion that the
adsorption is entirely rationalized by the role of dispersion forces.
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