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issociation behavior of H2 on PuH2

(100), (110) and (111) surfaces: a density functional
theory+U study

Wenhua Luo, *a Lei Wan, b Gan Lia and Tao Gaob

The density functional theory (DFT) and DFT plus correction for on-site Coulomb interaction (DFT+U)method

were performed to investigate the adsorption and dissociation of H2 on PuH2 (100), (110) and (111) surfaces.

Overall, the H2 molecule can be adsorbed on the PuH2 surface without spontaneous dissociation. The

calculated H–H bond lengths (RH–H) are all elongated to different degrees, and the RH–H at different

adsorption sites is about 0.84–4.21% longer than in the gas phase. We found that the dissociation of H2 on

the (110) surface is a spontaneous exothermic process, and a total energy of 0.60 eV is released in the

whole process. The smaller barriers corroborate that the migration of an H atom on the PuH2 surface is

possible, and even spontaneous diffusion may occur. The spontaneous migration of a hydrogen atom

adsorbed on the (110) surface from the surface to the interior promotes the conversion of PuH2 to PuH3,

which may be the fundamental driving force of hydrogenation corrosion. Our results provide useful

information to explain the mechanism of hydrogenation corrosion on the PuH2 surface.
1. Introduction

Metal plutonium is a very important radioactive material in the
eld of the nuclear industry;1 due to its complex 5f electronic
structure, plutonium has very complex physical and chemical
properties,2–4 such as very low melting point, large anisotropic
coefficient of thermal expansion, low symmetry crystal structure,
and many solid–solid phases. Plutonium and its compounds are
very important nuclear materials in the nuclear industry, and are
widely used in nuclear energy, nuclear weapons and other
national defense nuclear energy engineering elds.5 In addition,
plutonium compounds also have many novel and complex
properties, e.g., superconductivity, topological insulator and so
on.3,6 The chemical activity of plutonium is very strong, even at
room temperature, it will self-ignite,7 and it will very easily react
with the environment atmosphere and corrode, which is very
unfavorable to the long-term storage of plutonium and the
recycling of nuclear waste. When plutonium interacts with H2,
H2O and hydrogen containing impurities (such as rubber, plastic,
etc.) in environmental atmosphere, it is easy to form plutonium
hydrides.8 Due to the very active chemical properties of pluto-
nium and the zero activation energy in the hydrogenation
process, the reaction is completed in an instant, and once the
hydride is formed, it will act as a catalyst to accelerate its corro-
sion rate in room temperature air.
ianyang, 621900, P. R. China. E-mail:
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The hydrogenation of plutonium is an autocatalytic
exothermic reaction, and the reaction is very fast, so the
hydrogen reaction of plutonium is considered to be the most
serious corrosion reaction that may be encountered in the
practical application of plutonium.9 However, there are rela-
tively few studies on the plutonium hydride system, which plays
an important role in the overall corrosion of plutonium. Only
a few literature reports are preliminary studies on the synthesis
of plutonium hydride, kinetics and thermodynamics of pluto-
nium hydrogen reaction.10–14 The low ratio PuHx (x ¼ 2–2.75) is
a cubic structure, and the lattice parameters range from 5.34 to
5.36 �A. With the increase of hydrogen atom, the cell size
becomes smaller, i.e., the volume becomes smaller.15 Experi-
ments corroborate that when the range of hydrogen atom is
between 2.75 and 3.0, there are both cubic and hexagonal
structures.16 The ground state structure of PuH3 may be dis-
torted LaF3 type structure, tripartite structure (P�3c1, space
group no. 165), or orthogonal YF3 (Pnma, space group No. 62)
structure.17 When there is PuHx on the surface of plutonium, it
will accelerate the aging of plutonium and play a catalytic role.8

The growth and cracking process of H2 on the surface and
inside of plutonium was revealed by SEM.18

Because it is difficult to carry out the research of plutonium
hydride experimentally, the theoretical research reports on the
plutonium hydrogen system have been increasing in the past
decade, e.g., the structure, electronic structure and dehydroge-
nation behavior of plutonium hydrides. The phase transition
behavior of PuH3 is induced by pressure, and the electronic
properties of the predicted structure are calculated by the rst
principle GGA+U (U ¼ 6.0 eV).19 Under environmental
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Side and top views of the (100) [(a) and (d)], (110) [(b) and (e)], and (111) [(c) and (f)] surfaces.
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conditions, the dissociation reaction of H2 molecule adsorbed
on (100) surface is very active, resulting in the formation of
hydrogen ions similar to hydrides on Pu surface.20 The elec-
tronic structure, chemical bond, kinetics and thermodynamic
properties of cubic PuH2 and PuH3 were studied by LDA+U/
LDA+U + SOC methods, and the inuence of SOC effect on the
electronic structure of plutonium hydride was discussed.21

Under atmospheric pressure, the hydrogen absorption and
dehydrogenation behaviors of cubic PuH2 and PuH3 are closely
related to temperature.22 The hydrogenation and diffusion
properties of cubic PuH2+x (x ¼ 0, 0.25, 0.5, 0.75, 1) are per-
formed by GGA+U method.23 In the past few years, we have also
employed high-precision all-electron full potential linearized
augmented plane wave plus local orbitals (FP-LAPW+lo) to study
the structure, electronic properties and lattice dynamics prop-
erties of plutonium hydrides in detail, taking into account the
Coulomb interaction and SOC effect between Pu-5f
electrons.24–26

Among the corrosion products of plutonium, the oxide of
plutonium has been reported by a large number of literatures
both experimentally and theoretically. However, there are few
studies on plutonium hydrides. On the one hand, it is very toxic,
easy pulverization and self-ignition, which makes it difficult to
characterize the relevant experiments. On the other hand, there
are still many controversies on the structure of plutonium
hydrides. In the present study, we performed rst-principles
approach to investigate the source power of hydrogen
This journal is © The Royal Society of Chemistry 2020
corrosion on the PuH2 surface. The rest of this article is
arranged as follows. In section 2, the theoretical algorithm
details are briey introduced. In section 3, the results and
discussion are presented, including the adsorbate sites and free
H2 molecule (see 3.1), the stable adsorption site of H2 on PuH2

surface (see 3.2), the dissociation of H2 molecule on PuH2 (110)
surface (see 3.3) and the adsorption and diffusion behavior of H
on the PuH2 surface (see 3.4). And nally, our conclusions are
summarized in section 4.
2. Methodology

The DFT calculations were executed employing the projector
augmented wave (PAW)27,28 scheme, as implemented in the
Vienna ab initio Simulation Package (VASP) code.29–31 The
exchange-correlation energies were approximated in the
generalized gradient approximation (GGA) using the Perdew–
Burke–Ernzerhof functional.32–34 The cutoff energy for the plane
wave expansion set was kept at a constant value of 500 eV.
According to the convergence test, a 4 � 4 � 1 grid of Mon-
khorst–Pack scheme35 in the Brillouin zone can be used for the
surface simulations. The 6s27s26p66d25f4 and 1s1 orbitals25 are
treated as valence electrons of Pu and H, respectively. The
strong Coulomb repulsion between the localized 5f electrons of
Pu is described by the GGA+U method.36 According to this
theory, the effective U parameter, Ueff ¼ (U � J), is the difference
between the Coulomb U and the exchange J parameter,
RSC Adv., 2020, 10, 19576–19586 | 19577
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hereinaer referred to as U. Referring to the previous research
of our team, here we introduce an effective U parameter U¼ 4 eV
(ref. 25) to describe the Pu–H system. The convergence criteria
of energy and force are that the energy difference of electron
self-consistent cycle is less than 10�5 eV and the force between
net atoms is less than 0.01 eV�A�1. The climbing image nudged
elastic-band (CI-NEB) algorithm37,38 is used to examine the
energy barrier and the minimum energy path (MEP) of
hydrogen diffusion on the surface of PuH2. All image structures
are completely relaxed until the force on each atom in themodel
is less than 0.01 eV �A�1.

In the present study, we selected (100), (110) and (111)39,40

three classical representative surfaces to simulate the Pu–H
system. We use 2 � 2 supercells to construct PuH2 surface, and
each surface is composed of periodic repeating slabs, and the
construction of each surface has undergone strict convergence
test, i.e., the (100) surface is 16 PuH2 units arranged in 8 layers
(Fig. 1d), the (110) surface is 24 PuH2 units arranged in 6 layers
(Fig. 1e), and the (111) surface is composed of 16 PuH2 units
arranged in 12 layers (Fig. 1f), as presented in Fig. 1. In order to
eliminate the interaction between the periodic repeating slabs,
the thickness of the vacuum layer of the two adjacent slabs is set
to 15�A along the c direction. The inuence of dipole interaction
on total energy is eliminated by decoupling the slab with dipole
correction approach. Unless otherwise stated, all the results
reported here allow the top four layers of Pu and H atoms as well
as the adsorbates to completely relax, and the lower layers of Pu
and H atoms are frozen at their equilibrium bulk positions
because they are almost unaffected.

The adsorption energy is considered as an indicator of
adsorption strength of adsorbate. The adsorption energy here is
Fig. 2 Potential adsorption sites on the (100) (a), (110) (b) and (111) (c) su

Fig. 3 Initial and spontaneous dissociation models of 2-L [(a) and (d)], 2

19578 | RSC Adv., 2020, 10, 19576–19586
dened by subtracting the total energy of the adsorption system
from the sum of the energy of clean surface and adsorbate (H
atom or H2 molecule), which is expressed as:41

Eads ¼ (Eslab + Eabsorbate) � Eslab+adsorbate (1)

where Eslab and Eabsorbate are the total energy of pure PuH2

surface and isolated hydrogen atom or free gas-phase H2

molecule, respectively. Eslab+adsorbate is the total energy of the
adsorption system on the surface of PuH2. According to the
denition, the positive (negative) value of adsorption energy
represents the exothermic (endothermic) process, which is
thermodynamically stable (unstable).
3. Results and discussions
3.1 Adsorbate sites and free H2 molecule

As mentioned above, we employed (100), (110) and (111) typical
surfaces to simulate the evolution behaviors of H or H2 on the
PuH2 surface, trying to elucidate the potential mechanism of
hydrogen corrosion. Side views of (100), (110) and (111) surfaces
of PuH2 are shown in Fig. 1d–f, while top views are presented in
Fig. 1a–c, respectively. Here, we select the top, center and bridge
sites of Pu atom on the PuH2 surface as potential adsorption
sites and the positions of these special points are consistent
with the previous literature.40,42 For (100), (110) surfaces, the
top, center, and bridge sites were selected as candidate
adsorption sites, and the following are simply labeled with 1, 2
and 3 sites, respectively, while for (111) surface, the top and
bridge sites are chosen as the alternate sites, i.e. 1 and 3 sites.
The free H2 molecule is simulated in a 10�A � 10�A � 10�A cube
box, with two hydrogen atoms 1 �A apart and allowing the
rfaces.

-V [(b) and (e)], and 3-L [(c) and (f)] on (100) surface.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Initial and final configurations of 1-L [(a) and (d)], 1-V [(b) and (e)], and 3-V [(c) and (f)] H2 adsorption on (100) surface.
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hydrogen atoms to fully relax. The calculated H–H bond length
(RH–H) is 0.7500 �A, which is in good agreement with the theo-
retical (0.749 �A)43 and experimental values (0.740 �A) (Fig. 2).44
3.2 Stable adsorption site of H2 on PuH2 surface

Theoretically, the axial direction of the adsorbed H2 molecule
may be at any angle with the PuH2 surface, so it is difficult to
simulate all saturations. In our calculation, for each adsorption
site on each surface, only two limit cases are considered, i.e.
parallel or perpendicular to the PuH2 surface direction, which
are abbreviated as L and V respectively. Please note that the P–H
distance (DPu–H) is employed to measure the relative position of
H2 molecule and PuH2 surface before and aer optimization,
and the critical value of H2 bond length (0.745�A) in gas-phase43

is used to judge whether it dissociates. Initially, H2 molecule is
placed at different adsorption sites on the (100), (110) and (111)
surfaces of PuH2 according to a certain P–H distance, and the
hydrogen atoms are about 1 �A apart. We found that the spon-
taneous dissociation of H2molecule occurred in the 2-L, 2-V and
3-L models on the (100) surface, as shown in Fig. 3. By
comparing Fig. 3a and d, for the 2-L model, aer complete
Fig. 5 Initial and final models of 1-L [(a) and (d)], 1-V [(b) and (e)], and 2-

This journal is © The Royal Society of Chemistry 2020
relaxation, DPu–H ¼ 4.4022�A, RH–H ¼ 3.7868�A, it is obvious that
the P–H distance increases, and the H–H bond length is far
longer than 0.745 �A in the gas-phase, indicating the sponta-
neous dissociation of H2 molecule on the surface. Themodels 2-
V and 3-L are similar to the above dissociation process, except
that in Fig. 3b, aer the dissociation of H2 molecule, the
hydrogen atom diffuses through the (100) surface to the inte-
rior, which is the possible inducement of hydrogen corrosion.

The side views of H2 molecules before and aer optimization
of stable adsorption sites on (100) (Fig. 4), (110) (Fig. 5 and 6)
and (111) (Fig. 7 and 8) surfaces are listed in Fig. 4–8, respec-
tively. The adsorption energies of the stable adsorption sites of
H2 on the PuH2 surface are summarized in Table 1. In general,
H2 molecule can be adsorbed stably on the PuH2 surface
without spontaneous dissociation. The calculated H–H bond
lengths are all elongated to different degrees, and the RH–H at
different adsorption sites is about 0.84–4.21% longer than the
gas phase. For (100) surface, H2 molecule can be adsorbed at 1-L
(Fig. 4a and d), 1-V (Fig. 4b and e) and 3-V (Fig. 4c and f) sites,
and the side views are shown in Fig. 4. However, the calculated
adsorption energies are�0.82,�5.29 and�7.60 eV respectively,
indicating that the adsorption of H2 at these three sites is an
L [(c) and (f)] H2 adsorption on (110) surface.

RSC Adv., 2020, 10, 19576–19586 | 19579
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Fig. 6 Initial and final configurations of 2-V [(a) and (d)], 3-L [(b) and (e)], and 3-V [(c) and (f)] H2 adsorption on (110) surface.

Fig. 7 Initial and final models of 1-L [(a) and (c)] and 1-V [(b) and (d)] H2

adsorption on (111) surface.
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endothermic process and thermodynamic unstable. In Fig. 5
and 6, we nd that H2 molecule can be adsorbed on all
adsorption sites of (110) surface without spontaneous dissoci-
ation, and it is adsorbed above the surface, and DPu–H and RH–H

are stretched to different degrees. The adsorption energy values
in Table 1 conrm that 1-L, 2-L, 2-V and 3-V are all stable
adsorption sites, and the larger adsorption energies indicate
Fig. 8 Initial and final configurations of 3-L [(a) and (c)] and 3-V [(b) and
(d)] H2 adsorption on (111) surface.

19580 | RSC Adv., 2020, 10, 19576–19586
that the adsorption of H2 molecule at the above sites belongs to
chemisorption, in which 2-L model is the strongest adsorption
model (Eads ¼ 7.64 eV) on (110) surface, while 1-V site has the
most negative adsorption energy (Eads ¼ �12.28 eV) and is the
most unstable conguration. The side view of 2-L model is
displayed in Fig. 5c, it can be seen that the H2 molecule is about
1.7296�A away from the surface, and the H–H bond is elongated
to 0.7608 �A, compared with 0.745 �A in the gas-phase. For the
(111) surface, the side views of the stable adsorption models of
H2 molecule are exhibited in Fig. 7 and 8. The smaller positive
adsorption energies of 1-L (Eads ¼ 0.03 eV) and 3-L (Eads ¼ 0.59
eV) congurations indicate that the adsorption of H2 on the
relaxed PuH2 surface belongs to physisorption. However, the
negative adsorption energy of 1-V (Eads¼�1.94 eV) and 3-V (Eads
¼ �0.29 eV) models means that the adsorption of H2 at these
sites is endothermic and thermodynamic unstable. The disso-
ciation of H2 molecule adsorbed at the sable site is still possible,
which is very important to reveal the mechanism of hydrogen
corrosion on the PuH2 surface. More work is needed to further
study its underlying causes.
3.3 Dissociation of H2 molecule on PuH2 (110) surface

In order to further explore the root cause of hydrogenated
corrosion of PuH2 surface, we utilize CI-NEB approach to
determine the possible dissociation path and energy barrier of
Table 1 Adsorption energies of different H2 adsorption configurations
on the PuH2 (100), (110) and (111) surfaces

Surface Site Type Eads/eV Fig.

(100) 1 L �0.82 4d
V �5.29 4e

3 V �7.60 4f
(110) 1 L 4.39 5d

V �12.28 5e
2 L 7.64 5f

V 2.79 6d
3 L �0.92 6e

V 2.30 6f
(111) 1 L 0.03 7c

V �1.94 7d
3 L 0.59 8c

V �0.29 8d

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The energy barrier and structure diagrams of H2 dissociation on the (110) surface. The inserted models represent the image state [(c), (d),
(e) and (f)] from the initial state (b) to the final state (g) in the dissociation process.
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H2 molecule at the stable adsorption site. According to the
adsorption energy values in Table 1, we choose (110) surface to
elucidate the dissociation behavior of H2 molecule at the 2-L
adsorption site. Aer testing, the nal state is the fully relaxed
model of the coadsorption sites of the two hydrogen atoms on
the PuH2 surface along the a and b axis directions, and the
initial state is the H2 molecule adsorbed on 2-L conguration.
Fig. 10 The energy barrier and structure diagrams of hydrogen atom m

This journal is © The Royal Society of Chemistry 2020
The energy barrier and structure diagrams of H2 molecule
dissociation at the 2-L adsorption site on the (110) surface of
PuH2 are plotted in Fig. 9.

It can be clearly seen from Fig. 9a that the dissociation of H2

at the 2-L site on the (110) surface is a spontaneous exothermic
process, and a total of 0.60 eV is released during the whole
dissociation process. We also note that the dissociation of H2
igration between potential adsorption sites on the (100) surface.

RSC Adv., 2020, 10, 19576–19586 | 19581
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molecule from initial state to nal state (IS/FS) has gone
through four image states (IS), labeled as IS1, IS2, IS3 and IS4,
respectively. Besides, the dissociation process can be divided
into ve stages, i.e. IS/IS1/IS2/IS3/IS4/FS. In the rst
stage, i.e., IS/IS1, as shown in Fig. 9b and c, the H2 molecule
underwent spontaneous non-thermal migration, the RH–H was
stretched from 0.7608 to 0.8039�A, and the relative positions of
the two hydrogen atoms and the PuH2 surface changed, that is,
DPu–H changed from 3.1547 (2.9342) to 2.4828 (2.4534)�A. In the
IS1/IS2 stage, the two hydrogen atoms are closer to the PuH2

surface, and the RH–H is stretched to 1.2159 �A, and gives off
0.14 eV of energy. Similarly, in the IS2/IS3 stage, RH–H is
further stretched to 2.3692 �A, and the DPu–H changes to 2.1106
and 2.4729�A. In the IS3/IS4 stage, RH–H is stretched to 3.0794
�A, releasing 0.36 eV in the process. In the nal stage of the
dissociation process, RH–H is 3.4249�A, and two hydrogen atoms
co-adsorbed at stable positions near the bridge and center sites.
More work is needed to explore the migration of hydrogen
atoms adsorbed on the surface between stable adsorption sites.
3.4 Adsorption of H on the PuH2 surface

3.4.1 Diffusion of H atom between adsorption sites on the
surface. To investigate the possibility of migration between two
hydrogen atoms co-adsorbing on the PuH2 surface aer spon-
taneous dissociation, we adopted CI-NEB algorithm to deter-
mine the energy barriers and the minimum energy paths
(MEPs). Initially, we placed hydrogen atom at two adsorption
sites respectively, allowing the top four layers of atoms and
adsorbate to relax completely, thus reaching the lowest energy
state, and used these two states as the initial and nal states
respectively to examine the possibility of hydrogen migration
Fig. 11 The energy barrier and structure diagrams of hydrogen atom m

19582 | RSC Adv., 2020, 10, 19576–19586
adsorbed on the surface. For (100) and (110) surfaces, we
consider three diffusion paths of hydrogen atoms, i.e. 1/2, 1/
3 and 2/3, as exhibited in Fig. 10b and 11b. While for (111)
surface, we only considers the diffusion of hydrogen atom from
1 to 3, is presented in Fig. 12b. The energy barrier and structure
diagrams of hydrogen atommigration between adsorption sites
on the (100), (110) and (111) surfaces of PuH2 are shown in
Fig. 10–12.

For the (100) surface, it can be seen from Fig. 10a that
hydrogen atom need to overcome the energy barrier of 0.13 and
0.10 eV during the migration of 1/2 and 1/3, while there is
no energy barrier in the migration of 2/3, but the diffusion
energy of image state 3 to 4 increases by 0.10 eV, indicating that
hydrogen atom are more likely to realize the migration of 1/3
and 2/3, and the structure diagrams are shown in Fig. 10c. For
(110) surface, there is no energy barrier for the migration of
hydrogen atoms from 1/2, 1/3, and 2/3, but the energy of
the migration from inserted image state 4 to 5 increases 0.08,
0.12, and 0.18 eV, respectively, as presented in Fig. 11a, and the
structure diagrams are displayed in Fig. 11c. For the (111)
surface, Fig. 12a shows that there is no energy barrier for the
migration of hydrogen atom from 1 to 3, similarly, the energy of
diffusion from the inserted image state 4 to 5 increases by
0.03 eV. In summary, hydrogen atom adsorbed on the surface of
PuH2 is likely to migrate, in particular, hydrogen atom can
almost spontaneously diffuse on the (110) and (111) surface. In
addition, whether the hydrogen atom adsorbed on the surface
can diffuse to the interior remains to be veried by more work.

3.4.2 Stable adsorption sites of H atom. We have examined
the stability of H atom adsorption model at different sites on the
(100), (110) and (111) surfaces, the calculated adsorption energies
are summarized in Table 2, and the side views of the most stable
igration between potential adsorption sites on the (110) surface.

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 The energy barrier and structure diagrams of hydrogen atom migration between potential adsorption sites on the (111) surface.

Table 2 Adsorption energies of hydrogen atom at potential adsorp-
tion sites on the PuH2 (100), (110), and (111) surfaces

Surface Site Eads/eV

(100) 1 0.63
2 9.20
3 0.43

(110) 1 5.88
2 8.79
3 3.93

(111) 1 1.89
3 2.78
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adsorption structure before and aer optimization are listed in
Fig. 13. Furthermore, the Bader charges of the most stable
adsorption system and clean slab on the (100), (110) and (111)
surfaces are calculated, which are generalized in Table 3. At the
Fig. 13 Initial and final models of hydrogen atom at the most stable ads

This journal is © The Royal Society of Chemistry 2020
same time, the charge density difference is calculated to measure
the interaction mechanism between adsorbate and PuH2 surface,
so as to better understand hydrogenated corrosion from the
perspective of charge transfer, as shown in Fig. 14.

From Table 2, it can be seen that the adsorption energies of
all adsorption congurations are positive, which proves that the
adsorption of hydrogen atom on the PuH2 surface is exothermic
and thermodynamically stable. For (100) surface, the adsorp-
tion energies of 1- and 3-site are 0.63 and 0.43 eV respectively,
implying that the adsorption of H atom is physisorption, while
the adsorption energies of 2-site are 9.20 eV, suggesting that the
adsorption of hydrogen atom belongs to chemisorption. For the
(110) and (111) surfaces, the relatively large adsorption energies
indicate that the adsorption of hydrogen atom is chemisorp-
tion. By comparing the adsorption energies in Table 2, we found
that 2-, 2- and 3-site were the most stable adsorption sites on the
(100), (110) and (111) surfaces, respectively. It can be seen from
orption sites on the PuH2 (100), (110), and (111) surfaces.

RSC Adv., 2020, 10, 19576–19586 | 19583
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Table 3 The Bader charges of the most stable adsorption system and
clean slab on the PuH2 (100), (110) and (111) surfaces. “d” indicates the
difference of Bader charges after adsorption

Surface Site Atom QB (slab)/|e| QB (slab + H)/|e| d/|e|

(100) 2 H 1.689 +0.689
Pu34 15.340 15.047 �0.293
Pu38 15.047 �0.293
Pu42 15.047 �0.293
Pu46 15.047 �0.293

(110) 2 H 1.572 +0.572
Pu51 14.601 14.567 �0.034
Pu57 14.567 �0.034
Pu63 14.567 �0.034
Pu69 14.567 �0.034

(111) 3 H 1.547 +0.547
Pu37 14.555 14.508 �0.047
Pu38 14.502 �0.053
Pu45 14.508 �0.047
Pu46 14.502 �0.053
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Fig. 13 that the hydrogen atom adsorbed at the stable site is still
adsorbed on the PuH2 surface aer completely relaxing, except
that the relative position of hydrogen atoms to the surface has
Fig. 14 The charge density difference of the most stable hydrogen adso
value of the isosurface is 0.005 e �A�3.

Fig. 15 The energy barrier and structure diagrams for the diffusion of h

19584 | RSC Adv., 2020, 10, 19576–19586
changed, e.g., the DPu–H of hydrogen atoms adsorbed on the
(110) surface has changed from 3.4287 to 3.3903 �A (Fig. 13b
and e).

We dened the charge density difference as the difference
between the charge density of adsorbate system and the sum of
the charge density of isolated hydrogen atom and slab, which
reects the charge redistribution and net charge transfer
between adsorbate and surface. As can be seen from Fig. 14, for
the (100) (Fig. 14a), (110) (Fig. 14b) and (111) (Fig. 14c) surfaces,
there is a charge aggregation zone between the hydrogen atom
adsorbed on the surface and the surrounding Pu atoms, indi-
cating that there is bond interaction between Pu and hydrogen
atoms. To further quantify the charge transfer between Pu and
H atoms, Bader charge analysis45 was used to evaluate the
charge transfer. As can be seen from Table 3, for the 2-site on
the (100) surface, the charge amount of the four Pu atoms on
the pure slab surface is 14.564|e|. Aer adsorbing an H atom,
each Pu atom on the surface lost 0.293|e| of charge, while the
adsorbate gained 0.689|e| of charge. For the 2-site on the (110)
surface, aer adsorption of an H atom, the four Pu atoms
around the adsorbent all lost the charge of 0.034|e|, while the H
atom gained a total charge of 0.572|e|. For the 3-site on the (111)
rption model on the PuH2 (100) (a), (110) (b), and (111) (c) surfaces. The

ydrogen atom from (110) surface to internal.
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surface, aer adsorption of an H atom, four Pu atoms near the
adsorbent lost electrons to varying degrees, i.e., Pu37 and Pu45
lost 0.047|e| of charge, while Pu38 and Pu46 lost 0.053|e| of
charge, and the hydrogen atom gained a total charge of 0.547|e|.
In conclusion, the existence of adsorbate causes charge redis-
tribution and net charge transfer between surface atoms, and
the path of charge transfer is Pu/H.

3.4.3 Diffusion of H atom between surface and bulk stable
adsorption site. In order to understand the root cause of
hydrogenation corrosion on the PuH2 surface, we used CI–NEB
method to evaluate the possibility of internal diffusion of H
atom adsorbed on the surface. Compared with the adsorption
energies in Table 2, we chose the (110) surface with stable
adsorption system to test the diffusion behavior of H atom.
Aer testing, the 3-site of (110) surface and the bridge site of Pu5
and Pu17 (Fig. 15g) on the subsurface aer complete relaxation
were taken as the initial (IS) and nal state (FS) structures
respectively. The energy barrier and structure diagrams of
hydrogen atom diffusion from 3-site on (110) surface to the
internal are shown in Fig. 15.

From Fig. 15, we are surprised to nd that the diffusion of
hydrogen atom from the (110) surface to the interior is a spon-
taneous exothermic process, releasing a total of 8.51 eV of
energy. In detail, the hydrogen atom migrates through four
image states in IS/FS, so the diffusion process can be divided
into ve stages, i.e., IS/IS1/IS2/IS3/IS4/FS. During the
rst stage of the diffusion, i.e., IS/IS1, from Fig. 15a, DPu–H

changes from 2.5760 to 2.1395 �A (Fig. 15b and c) and gives off
1.57 eV of energy. In the diffusion of IS1/IS2, hydrogen atom
migrate to the surface and DPu–H becomes 1.9484 �A (Fig. 15d),
releasing 1.54 eV of energy. In the third stage of the diffusion,
i.e., IS2/IS3, the hydrogen atom crosses the surface and
migrates inward, DPu–H changes to 2.0606�A (Fig. 15e), releasing
3.98 eV of energy in the process. During the migration of IS3/
IS4, DPu–H changes to 2.2379�A (Fig. 15f) and releases 1.23 eV of
energy. In the nal stage of the migration, i.e., IS4/FS, the
hydrogen atom diffuses to a stable site on the subsurface, DPu–H

becomes 2.5698 �A (Fig. 15g) and gives off 0.19 eV of energy. In
summary, the spontaneous migration of hydrogen atom from
the surface to the interior can be attributed to the conversion of
PuH2 to PuH3 aer the adsorption of one hydrogen atom, which
may be the fundamental driving force of hydrogenation
corrosion.
4. Conclusions

The adsorption and dissociation of H2, as well as the diffusion
behavior of H atoms on PuH2 (100), (110) and (111) surfaces
have been studied by density functional theory (DFT) and DFT
plus correction for on-site Coulomb interaction (DFT+U)
method. Our conclusions are summarized as follows.

In general, H2 molecule can be adsorbed stably on the PuH2

surface without spontaneous dissociation. Our results show
that H2 molecule placed horizontally at the center site (2-L site)
of the (110) surface is the most stable adsorption conguration,
and its adsorption energy is 7.64 eV, which belongs to
This journal is © The Royal Society of Chemistry 2020
chemisorption. During the whole dissociation process, H2

molecule released 0.60 eV energy on the (110) surface.
In summary, hydrogen atom adsorbed on the surface of

PuH2 is likely to migrate, in particular, hydrogen atom can
almost spontaneously diffuse on the (110) and (111) surface.
The adsorption energies of all congurations are positive,
proving that the adsorption of hydrogen on the PuH2 surface is
exothermic and thermodynamically stable. The results of Bader
charge and charge density difference indicate that the presence
of adsorbate causes the charge redistribution and net charge
transfer between surface atoms, which also shows the bond
interaction between Pu and H. The spontaneous migration of
hydrogen atom adsorbed on the (110) surface from surface to
interior leads the conversion of PuH2 to PuH3, which may be the
essential cause of the hydrogenation corrosion on the PuH2

surface. Our theoretical predictions provide useful information
for interpreting complex experimental data.
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