
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Effects of the cooperative interaction on the diffusion of hydrogen on MgO(100)

Castelli, Ivano E.; Soriga, Stefan G.; Man, Isabela C.

Published in:
Journal of Chemical Physics

Link to article, DOI:
10.1063/1.5029329

Publication date:
2018

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Castelli, I. E., Soriga, S. G., & Man, I. C. (2018). Effects of the cooperative interaction on the diffusion of
hydrogen on MgO(100). Journal of Chemical Physics, 149(3), [034704]. https://doi.org/10.1063/1.5029329

https://doi.org/10.1063/1.5029329
https://orbit.dtu.dk/en/publications/6747166c-1e45-485f-b4c7-8b5ddb2210fe
https://doi.org/10.1063/1.5029329


Effects of the cooperative interaction on the diffusion of hydrogen on MgO(100)
Ivano E. Castelli, Stefan G. Soriga, and Isabela C. Man

Citation: The Journal of Chemical Physics 149, 034704 (2018); doi: 10.1063/1.5029329
View online: https://doi.org/10.1063/1.5029329
View Table of Contents: http://aip.scitation.org/toc/jcp/149/3
Published by the American Institute of Physics

Articles you may be interested in
From C60 “trilliumons” to “trilliumenes:” Self-assembly of 2D fullerene nanostructures on metal-covered
silicon and germanium
The Journal of Chemical Physics 149, 034702 (2018); 10.1063/1.5038790

Chirality at two-dimensional surfaces: A perspective from small molecule alcohol assembly on Au(111)
The Journal of Chemical Physics 149, 034703 (2018); 10.1063/1.5035500

Transient structured fluctuations in a two-dimensional system with multiple ordered phases
The Journal of Chemical Physics 149, 034503 (2018); 10.1063/1.5026680

Learning dynamic Boltzmann distributions as reduced models of spatial chemical kinetics
The Journal of Chemical Physics 149, 034107 (2018); 10.1063/1.5026403

Potential of mean force for two nanocrystals: Core geometry and size, hydrocarbon unsaturation, and
universality with respect to the force field
The Journal of Chemical Physics 149, 034109 (2018); 10.1063/1.5039495

Communication: Computing the Helmholtz capacitance of charged insulator-electrolyte interfaces from the
supercell polarization
The Journal of Chemical Physics 149, 031103 (2018); 10.1063/1.5038639

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1742681036/x01/AIP-PT/MB_JCPArticleDL_WP_042518/large-banner.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Castelli%2C+Ivano+E
http://aip.scitation.org/author/Soriga%2C+Stefan+G
http://aip.scitation.org/author/Man%2C+Isabela+C
/loi/jcp
https://doi.org/10.1063/1.5029329
http://aip.scitation.org/toc/jcp/149/3
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5038790
http://aip.scitation.org/doi/abs/10.1063/1.5038790
http://aip.scitation.org/doi/abs/10.1063/1.5035500
http://aip.scitation.org/doi/abs/10.1063/1.5026680
http://aip.scitation.org/doi/abs/10.1063/1.5026403
http://aip.scitation.org/doi/abs/10.1063/1.5039495
http://aip.scitation.org/doi/abs/10.1063/1.5039495
http://aip.scitation.org/doi/abs/10.1063/1.5038639
http://aip.scitation.org/doi/abs/10.1063/1.5038639


THE JOURNAL OF CHEMICAL PHYSICS 149, 034704 (2018)

Effects of the cooperative interaction on the diffusion
of hydrogen on MgO(100)

Ivano E. Castelli,1 Stefan G. Soriga,2 and Isabela C. Man3,a)
1Department of Energy Conversion and Storage, Technical University of Denmark,
DK-2800 Kongens Lyngby, Denmark
2Centre for Technology Transfer in the Process Industries, University Politehnica of Bucharest,
1, Gheorghe Polizu Street, Building A, Room A056, RO-011061 Bucharest, Romania
3“C. D. Nenitzescu” Center of Organic Chemistry, Romanian Academy, 202B Splai Independentei,
RO-060023 Bucharest, Romania

(Received 13 March 2018; accepted 29 June 2018; published online 20 July 2018)

Understanding hydrogen diffusion is important for applications such as hydrogen storage and spillover
materials. On semiconductors, where paired electron acceptors and donors stabilize each other, the
hydrogen diffusion depends on the number of adsorbed fragments. Using density functional theory, we
investigate the effects of preadsorbed hydrogens on activation energy and reaction path for hydrogen
diffusion on MgO(100): the presence of an unpaired hydrogen causes a diffusion, on O-sites, above the
surface with a lower activation energy compared to the case of paired hydrogens where the diffusion
distorts the surface. This effect is missing for diffusion on Mg-sites. Published by AIP Publishing.
https://doi.org/10.1063/1.5029329

I. INTRODUCTION

Due to theoretical and experimental advantages, MgO sur-
faces have become a prototypical model system for detailed
investigations of different features in catalysis such as basicity
testing, charge transfer, CO2 activation, and H2O dissocia-
tion on simple doped or thin film MgO.1–7 The presence
of hydrogen on solid surfaces is of key importance for sev-
eral processes like heterogeneous catalysis, hydrogen storage
fuel cells, and sensors.8–10 Understanding the adsorption of
hydrogen is important for various processes such as the dis-
sociation/recombination of hydrogen, direct X-H dissociation
of molecules (e.g. methanol and water), hydrogen abstrac-
tion by the surface from different molecules (e.g. CH4

11), and
hydrogen spillover.12–14

A possible application of hydrogen on MgO is related
to the use of magnesium and its alloys as hydrogen storage
materials.15,16 These metals are usually covered with a stable
oxide skin when they are exposed to air, water, and oxygen.17,18

The interaction of a hydrogen atom/hydrogen molecule and of
hydrogen containing molecules with MgO were widely studied
either at experimental and theoretical levels.3,4,6,18–24 In this
context, H diffusion has importance in the economy of the
entire process.

The adsorption of one atomic H on the non-polar
MgO(100) surface takes place on top of the oxygen surface
atom. It results in spontaneous ionization and the Fermi level
shifts to the conduction band edge because an extra elec-
tron is added to the system.25–28 When 2H are co-adsorbed,
in the ground state configuration, one hydrogen atom binds

a)Author to whom correspondence should be addressed: isabela.traistaru@
ccodn.ro and isabelac.man@gmail.com. Telephone: +4021 316 7900.

to the O site (forming H+−−O2−), while the other is stabi-
lized by binding to the Mg site (forming H−−−Mg2+), and
an electron donor and acceptor pair is formed (H+−−H− pair,
i.e., the hydrogens are paired).27 In this way, the Fermi
level remains in the middle of the gap and the bandgap
of the material is preserved. The evidence for heterolytic
splitting of H2 was reported a long time ago by experi-
ments performed on MgO powders22,29 and by ab initio
calculations.20,24,30,31

It was shown from ab initio calculations that co-adsorption
of fragments enhances significantly their adsorption ener-
gies compared to the sum of binding atoms/fragments when
alone on the surface, even when the fragments are posi-
tioned at non interacting distance from each other32–36 (e.g.,
∆E1Hm + ∆E1Ho � ∆E1Ho-1Hm, where ∆E indicates the
adsorption energy and Ho and Hm indicate H adsorbed on
O- and Mg-site, respectively). This effect is called interac-
tion/cooperative/pairing energy (∆Epairing) and has been shown
to exist on a number of oxide surfaces and electron donor and
acceptor fragments to have a one-to-one correlation with the
value of the bandgap.26

In this work, we go beyond the effects of the cooperative
adsorption on the binding energy and we investigate the impact
of co-adsorbates on H diffusion on a MgO(100) surface, which
is an elementary step in surface chemical reactions. The dif-
fusion of H has been previously studied but, so far, the effects
of co-adsorption have not been considered.

We analyze the diffusion of hydrogen both from one
oxygen to the other and from one Mg to the other in the
presence of up to three H atoms previously adsorbed in their
ground state configuration (in the following, we will use the
Ho notation for H binding on O and Hm for H binding on
an Mg site) and placed at non-interacting distance from each
other.
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First, we show that the transition state (TS) of H hop-
ping on O-sites is different when odd (1Ho and 2Ho-1Hm,
with an unpaired H that sits on oxygen) or even (1Ho-1Hm
and 2Ho-2Hm, with paired H) number of hydrogen atoms are
adsorbed. The situation with unpaired and paired H atom is
highly possible to be encountered during the spillover process
and also in dehydrogenation of different molecules (alternat-
ing the number of H atoms on the surface from even to odd).
The influence of other fragments (OH and CH3O) on TS is
also investigated. Second, we examine the H diffusion on Mg-
sites when one and two H atoms are preadsorbed on oxygen
for the ground state configuration (1Ho-1Hm and 2Ho-1Hm).
We show that this type of diffusion has the lowest activation
energy (compared to diffusion on O-sites), and its value does
not change with the number of preadsorbed H atoms on oxygen
sites.

II. METHODS

Density Functional Theory (DFT) calculations are per-
formed using the GPAW code37,38 and the Atomic Simulation
Environment (ASE).39 The core electrons are described by the
projector augmented wave (PAW) method, and the Kohn-Sham
valence states are expanded in real space uniform grids, with
a grid spacing of 0.2 Å. All the calculations are performed
using spin-polarized revised-Perdew-Burke Ernzernhof func-
tional as exchange and correlation functional (RPBE40). It
has been shown that the generalized gradient approximation
(GGA) RPBE exchange-correlation functional performs well
in the prediction of chemisorption properties. It is known that
GGA calculations due to self-interaction errors underestimate
bandgaps. It has been shown in a previous work where GGA
and hybrid functionals have been used to study the charging of
gold atom on doped MgO and CaO that although the bandgap
is not accurately described with GGA functionals and only
hybrids can reproduce the correct values, the donor proper-
ties of the transition metal impurity are independent on the
functional used.1,2 Moreover, it has been reported that the
most accurate adsorption energies of small molecules (CO,
NO, CH4, H2O) on MgO(100) is obtained using BEEF-vdW
and random phase approximation (RPA) calculations out of
a pool of methods which include local density approxima-
tion (LDA), GGA (PBE, RPBE, PBEsol, BEEF-vdW), hybrid
functional (HSE06), random phase approximation (RPA).41

We thus performed benchmarking calculations on 1Ho and
1Ho-1Hm systems using BEEF-vdW functional.42 The adsor-
bates in the initial/final states are slightly stronger bonded than
those calculated with RPBE [differential adsorption energies
areδEHo,BEEF-vdW = 1.42 eV vs.δEHo,RPBE = 1.56 eV for Ho on
clean MgO(100) and δEHo,BEEF-vdW = −0.44 eV vs. δEHo,RPBE

= −0.37 eV for Ho on MgO(100) with 1Hm preadsorbed]. The
change of activation energy of hydrogen diffusion on oxygen
sites changes slightly as well (for 1Ho system, Eact,BEEF-vdW

= 0.81 eV vs. Eact,RPBE = 0.67 eV and for 1Ho-1Hm system,
Eact,BEEF-vdW = 1.19 eV vs. Eact,RPBE = 1.08 eV). In addition,
we have performed RPBE+U calculations that are normally
used for strongly correlated systems. We have applied U = 7
corrections to oxygen p orbitals.43 The bandgap is widened
of approximately 0.7 eV compared to the RPBE calculations.

The differential adsorption energy decreases slightly for 1Ho
system [δEHo,RPBE-U = 1.27 eV on clean MgO(100) surface]
and little bit more when calculated on MgO(100) with 1Hm
preadsorbed (δEHo,RPBE-U = −0.87 eV). The activation ener-
gies for hydrogen diffusion do not vary significantly compared
to RPBE (Eact,RPBE-U = 0.89 eV for 1Ho system and Eact,RPBE-U

= 1.05 eV for 1Ho-1Hm system). Therefore even though the
values are slightly different, the trends in binding and acti-
vation energies are the same using BEEF-vdW, RPBE, and
RPBE+U. The hydrogen diffusion paths keep being the same
for all three tested functionals, with only small differences
in the distance between the adsorbates and the surface. The
zero point energy corrections keep in the same trends (for 1Ho
initial systems, EZPE,RPBE = 0.29 eV, EZPE,RPBE+U = 0.29 eV,
EZPE,BEEF-vdW = 0.25 eV, while for structures in transition state,
EZPE,RPBE = 0.04 eV, EZPE,RPBE-U = 0.08 eV, EZPE,BEEF-vdW

= 0.06 eV). We thus are confident enough that RPBE cal-
culations would correctly reproduce the surface properties
and we do not need to run more computationally demanding
methods.

To facilitate convergences, the Kohn-Sham states were
populated using a Fermi-Dirac distribution with an electronic
temperature of kbT = 0.1 eV and the total energies are extrap-
olated to kbT = 0 eV. The lattice constant of bulk MgO is
calculated equal to 4.31 Å. The bare MgO(100) surface is
modeled with 12 atomic layers of which 8 are kept frozen and
the adsorption is investigated in a (3 × 3) surface cell. Because
the unit cell is large, the surface Brillouin zone is sampled with
a 1 × 1 × 1 Monkhorst-Pack k-point grid (Gamma point). The
subsequent slabs are separated by a 20 Å of vacuum space in
the z direction, and a dipole correction has been applied to
compensate for the effect of adsorbing molecules only on one
side of the surface. The geometries were optimized using a
force convergence criterion of 0.05 eV/Å.

The energy associated with the two distinct binding sites
of the MgO(100) surface is dependent on the lack/presence
of a co-adsorbate. By adding one hydrogen atom at a time to
the surface, the differential adsorption energy per H atom is
calculated as

δEH* = EnH* − E(n−1)H* − E1/2H2(g), (1)

where EnH∗ and E(n−1)H∗ are the total energies of the MgO
surface with n and (n − 1) H atoms adsorbed (n can indicate
atoms adsorbed on the O-site, Mg-site, or both). E1/2H2(g) is
the energy of a hydrogen atom in the gas phase from the H2

molecule.
The climbing image nudged elastic band (NEB) method44

was used to locate the transition state (TS) of hydrogen dif-
fusion. Vibration frequency analysis calculations were carried
out to ensure that initial, transition, and final states are true
local minimum (transition state) or maximum (initial and final
states) and also to enable the calculations of zero point ener-
gies (ZPE). Electron charges are analyzed according to the
Bader method.45 The activation energy (∆Ea) is calculated as
the difference between the energy of the transition state and
the energy of the initial structure. All the structures used in
this work and the scripts to run and analyze the calculations
are available on FigShare.48
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III. RESULTS AND DISCUSSIONS
A. Hydrogen diffusion to O-sites

For brevity, the detailed effects of cooperative binding
on differential adsorption of H on MgO(100) are reported in
the supplementary material (Fig. S1), and it can partially be
derived from our previous work.26 In the following, we investi-
gate the effects of the donor-acceptor interaction between the
adsorbed atoms (H+/H−) on the reaction path and transition
state of hydrogen diffusion on MgO(100).

The energy profile for H hopping on O-sites is shown
in Fig. 1 for the ground state configurations of co-adsorbed
hydrogens (1Ho, 1Ho-1Hm, 2Ho-1Hm, 2Ho-2Hm—the top
and side views of the initial, transition, and final unit cell
configuration are pictured in Fig. S2 of the supplementary
material). The diffusion from O to Mg sites or from Mg
to O sites has a lower probability to take place due to the
fact that in all cases it would end in less stable structures:
for example, for the 1H configuration, it would end in 1Hm
which is less stable than 1Ho, while 2H would end in 2Hm
or 2Ho which are also less stable than 1Ho-1Hm and so on
(the relative stabilities are reported in Table S1 of the sup-
plementary material). This explains the focus of our research
only on diffusion from O to O and from Mg to Mg sites since
it preserves the ground state configurations of co-adsorbed
hydrogens.

For H hopping on O sites, the diffusion barriers show two
different shapes [Fig. 1(a)]: for the unpaired H systems, the bar-
riers are considerably broader near the top, while for paired H
systems, they have a parabolic shape. Similar behaviors have
already been predicted for different metals.46,47 During the
diffusion pathway for the unpaired systems, Ho, at a short dis-
tance from the initial state (IS) (d = 0.6–0.7 Å), rises above
the surface close to the height of H in the transition state and
afterwards diffuses at the same vertical distance from the sur-
face very close the final state (FS) (d = 2.4–2.6 Å relative to
the initial distance, when the TS is at 1.5 Å). In the paired

configuration, the distance between the diffusing Ho and the
surface changes gradually from the initial to the transition state
and to the final state, with H staying in contact with the oxy-
gen during the transition. The imaginary frequency along the
reaction coordinate for Ho paired systems is 1177 cm−1 and
corresponds to typical proton transfer reaction barriers. For the
unpaired H systems that have the broad top barriers, the TS
have a much smaller imaginary frequency (≈240 cm−1) and
indicate a much weaker bond. We do not get further inside the
quantum nature of hydrogen diffusion, to include, for exam-
ple, tunneling effects,47 because is beyond the purpose of our
study.

In Fig. 1(b), we calculate the energetics of the transi-
tions for paired and unpaired configurations. In particular,
we investigate the activation energy (∆Ea), calculated rela-
tive to initial and final structures, and the differential adsorp-
tion energy of H atoms (δEads,H). As pointed out in our
previous work,26 the pairing energy (or cooperative binding)
is large (∆Epairing around 2 eV). This makes the adsorption
of an additional Ho that adsorbs on a configuration with an
unpaired 1Hm (i.e. on 1Hm, 1Ho-2Hm) much more favor-
able than on a configuration with an already paired H (i.e., on
1Ho-1Hm).26

For the 1Ho structure, the minimum energy path indicates
that the structure of the transition state has the hydrogen atom
in the bridge position (two Mg or two O atoms) at a distance of
d = 2.56 Å relative to the two neighboring Mg atoms [Fig. 1(c)].
The activation energy required to traverse this path is around
0.7 eV (Table I). When taking zero point energy (ZPE) effects
into account, the adsorption energy of H atom on oxygen shifts
up by around 0.3 eV, while in the transition state, it shifts up
only approximately 0.04 eV. Therefore the activation energy
will decrease to about 0.4 eV (Table I, in parenthesis). The
difference in ZPE corrections for H in the IS/FS and in the TS
is due to the two vibrational frequencies that at the TS state
are substantially lower than the three degenerate vibrational
frequencies for H in the IS/FS. They are different due to the

FIG. 1. (a) Energy barriers of the H diffusion paths between O-sites for unpaired (H on oxygen is always unpaired in odd systems—see the Ho unpaired
label) and paired H ground state configurations: solid (1Ho)/dashed (2Ho-1Hm) black lines and solid (1Ho-1Hm)/dashed (2Ho-2Hm) red lines, respectively. (b)
The minimum energy path for the most stable configurations for 1H(1Ho), 2H(1Ho-1Hm), 3H(2Ho-1Hm), and 4H(2Ho-2Hm) with ZPE corrections. The first
horizontal lines indicate the adsorption energy of 1Ho on clean (black solid), on 1Ho-1Hm (dashed black), on 1Hm (red solid), and on 1Ho-2Hm (red dashed).
Top and side views of 1Ho and of 1Ho-1Hm—initial (IS), transition (TS), and final (FS) states are shown. The structures of 2Ho-1Hm and 2Ho-2Hm are similar
to the structures of 1Ho and 1Ho-1Hm (as shown in Fig. S2 of the supplementary material). (c) Structure of the transition states of 1Ho and 1Ho-1Hm. The
charge on H and HeO/HeMg distances are reported. Hydrogen atoms are coloured as follows: light blue spheres for the H atoms preadsorbed (which do not
diffuse) and light green for H atoms that diffuse. Oxygen atoms are represented by red, while magnesium by gray spheres.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012828
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012828
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012828
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012828
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012828
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012828
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TABLE I. Activation energy of hydrogen diffusion from O2� to another O2� (the values in parentheses are with
ZPE corrections), Bader charges for initial and transition states, O−−O and Mg−−Mg lattice distances.

Ea qIS (fragment) qTS (fragment) dH−−Mg dO−−O dMg−−Mg

Adsorbates (eV) |e| |e| (Å)a (Å) (Å)

Clean slab . . . . . . . . . . . . 3.046 3.048

1Ho 0.67(0.41) +0.56(1Ho) �0.15(1Ho) 2.56 3.097 3.060

1Ho/1Hm 1.08(0.98) +0.58(1Ho) +0.47(1Ho-TS) 0.33 2.51 3.63
�0.69(1Hm) �0.69(1Hm)

1Ho/1CH3Om 1.08(0.98) +0.56(1Ho) +0.48(1Ho-TS) 0.32 2.53 3.45
�0.76(1CH3Om) �0.75(1CH3Om)

1Ho/1HOm 1.09(0.97) +0.56(1Ho) +0.48(1Ho-TS) 0.34 2.51 3.63
�0.77(1HOm) �0.75(1HOm)

2Ho/1Hm 0.69(0.43) +0.49(1Ho1) �0.34(1Ho-TS) 1.79 3.12 2.98
+0.50(1Ho2) +0.58(1Ho)
�0.69(1Hm) �0.53(1Hm)

2Ho/2Hm 1.20(1.10) +0.58(1Ho1) +0.49(1Ho1-TS) 0.44 2.51 3.62
+0.58(1Ho2) +0.55(1Ho2)
�0.69(1Hm1) �0.68(1Hm1)
�0.68(1Hm2) �0.68(1Hm2)

aThe distance is measured relative to the two neighbor Mg atoms [Fig. 1(c)].

way H binds in the initial and transition states and are reflected
by the projected density of state analysis performed below. A
comparison of the data with and without ZPE effects is reported
in the supplementary material (Fig. S3).

When 2H are co-adsorbed (1Ho-1Hm), the two atoms are
stabilized by their cooperative interaction and the diffusion
takes place through the surface (bridge position) with a dis-
tortion of the neighboring atoms in the xy-plane, i.e., the two
oxygen atoms get closer to the hydrogen in the transition state
and with magnesium atoms getting further from it [Fig. 1(c),
the distances are also reported in Table I]. A higher activation
energy of around 1.1 eV is required. With ZPE corrections,
this energy decreases to around 1 eV. In this case, the two
vibrational frequencies of the TS state, that are used to calcu-
late the ZPE correction, are still lower than the ones for H in
the IS/FS but not as small compared to the ones of the TS of
unpaired H.

The system with 3H adsorbed, i.e., 2Ho-1Hm, behaves in
a similar way as 1Ho, and similar values for the adsorption
energy and diffusion path of the system 1Ho-1Hm have been
calculated for the system 2Ho-2Hm.

The charge on H in the 1Ho system changes from positive
in the initial state (q = +0.56 |e|) to slightly negative in the
transition state (q = −0.15 |e|), while for the 1Ho-1Hm con-
figuration the charge variation on hydrogen from the initial
to transition state is much smaller and always positive (from
+0.58 to +0.47 |e|). Similar charges have also been found for
the other two configurations, 2Ho-1Hm and 2Ho-2Hm (Table I
and S1 of the supplementary material).

If hydroxyl or methoxyl is co-adsorbed instead on hydro-
gen on the Mg-site (1HO, 1CH3O), the diffusion path and
activation energies for Ho remain the same as for 1Ho-1Hm
(through the surface top layer showing a distortion of the

atoms in the xy-plane). This shows that the interaction between
donor and acceptor fragments is independent both on the dis-
tance between the fragments and of their nature. What really
matters is their character, i.e., if they are electron donors or
acceptors.

The projected densities of states (PDOS) of relevant con-
figurations are shown in Figs. 2(a)–2(f) for the initial/final
and transition states. In the initial state, the orbitals of H
adsorbed on oxygen, in 1Ho [Fig. 2(b)], are occupied, with
a strong mixing between the O-2p states and H-1s states,
indicating a covalent binding. Since the H has donated one
electron, the Fermi level shifts up to the conduction band
edge. When a 1Hm is co-adsorbed on the 1Ho configuration
[1Ho-1Hm, Fig. 2(d)], an additional state is present in the
bandgap below the Fermi level, which indicates no covalent
bond with the surface because the mixing between 1Hm and
Mg-3s or O-2p states is low. The presence of these states in the
bandgap has already been shown in previous work at higher
level of theory.26 In the transition state for the unpaired system
1Ho [Fig. 2(c)], the H states previously occupied splits now in
two orbitals, one occupied and one empty, both closer to the
Fermi level. A shift of the Fermi level, from the conduction
band (CB) to the middle of the gap, is thus observed during the
transition state. This shift is confirmed by the analysis of the
charge that shows a fraction of electron transferring from the
surface to H in the TS. The changes of hydrogen states from
initial to transition states are also an explanation of significant
variation of vibrational frequencies when H is in the initial or
transition state.

On the other side, there is no change in the PDOS for 1Ho-
1Hm [Fig. 2(e)] from the IS to the TS: the covalent bond is
preserved during the transition as shown by the Bader charges
(Table I). These PDOS are clear evidences that the cooperative

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012828
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-012828
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FIG. 2. Projected density of states
(PDOS) of MgO for the clean surface (a)
and for different combination of adsor-
bates: initial/final and transition state of
1Ho [(b) and (c)], initial/final state of
1Ho-1Hm (d), and transition state of
1Ho-1Hm when H hops between oxy-
gen and magnesium atoms [(e) and (f)].
The positive PDOS indicates the spin-
up channel and the negative PDOS the
spin-down channel. The structure of the
surface is also indicated.

FIG. 3. (a) The minimum energy path of H hopping from one Mg to the neighboring one for the most stable structures of 2H, 3H atoms on MgO(100) surface:
1Ho-1Hm (red solid line) and 2Ho-1Hm (black line). To calculate the adsorption energy of H atom on Mg site, the reference surfaces are 1Ho and 2Ho. ZPE
corrections are included. (b) The shape of the energy barrier. Both sets of data show a parabolic shape near top (c) Magnifcation of transition states with
emphasizing the charge on H and H−−O/H−−Mg distances. Ho unpaired label signifies the systems that have Ho unpaired (2Ho-1Hm). Hydrogen atoms are
coloured as follows: light blue spheres for the H atoms preadsorbed (which do not diffuse) and light green for H atoms that diffuses between Mg sites. Oxygen
atoms are represented by red and magnesium by gray spheres.
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interaction between the two H atoms (Ho and Hm) influence
the TS of H diffusion on the surface, compared to the case
when the Ho is not paired.

B. Hydrogen diffusion on Mg sites

The analysis of H hopping on Mg sites is performed on
the ground state structures: 1Ho-1Hm and 2Ho-1Hm. The
adsorption energy of H on the magnesium site calculated on a
system with one H preadsorbed on the O-site (1Ho) is weaker
than a H adsorbed on the O-site on the 1Hm system (0.36 and
−0.37 eV, respectively, when ZPE corrections have not been
included). Since the ground stable configuration for a single
hydrogen adsorbed is 1Ho (and not 1Hm), it lacks physical
meaning to investigate the diffusion in the 1Hm configurations.
For the diffusion on Mg-sites, the number of preadsorbed Ho
has no effects on both the differential adsorption and activa-
tion energies, as it is shown in Fig. 3(a). This is because the
differential adsorption energy for 2Ho-1Hm is calculated rel-
ative to the 2Ho system, and the added 1Hm forms an electron
donor-acceptor pair with one of the two hydrogens adsorbed
on the oxygen site, while the second adsorbed hydrogen does
not have an effect in further stabilizing the 1Hm fragment.
The shape of the diffusion barrier for these studied systems is
conventional, i.e., parabolic [Fig. 3(b)].

For the 1Ho-1Hm system, the activation energy for H hop-
ping between Mg-sites is three time smaller than the diffusion
on O-sites (Ea = 0.3 eV). When including ZPE effects, the bind-
ing energy of H for all the states increases by around 0.15 eV.
Due to this uniform increase of ZPE for both initial/final and
transition states, the ZPE effects on the activation energy are
not significant.

Similar effects are seen for the 2Ho-1Hm configuration.
H diffuses above the surface at a distance of approximately
1.6 Å (relative to the two neighbor Mg atoms) with a moderate
distortion of the surface atoms around the transition state [with
the Mg atoms moving out of the surface ≈0.35 Å, Fig. 3(c)].
The charge analysis shows only a small variation of the charge
from the initial to transition state of all H atoms [see Table S2
(supplementary material) and Table II]. Also in this case, the
PDOS of the transition state registers no shifts of the bands
compared to the initial state [Fig. 2(f)]. On the other side, a
stronger hybridization of H-1s in the transition state with the
O-2p states is observed.

Therefore the highest rate of H hopping will take place
between Mg-sites no matter the number of H pre-adsorbed
(activation barrier 0.3 eV). At a lower rate, H diffuses between

TABLE II. Activation energy of hydrogen diffusion on Mg sites, bader charge
for TS, and O−−O and Mg−−Mg lattice distances (values in parentheses are
with ZPE effects). Bader charges for initial states are in Table I.

Ea qTS (fragment) dH−−Mg dO−−O dMg−−Mg

Adsorbates (eV) |e| (Å) (Å) (Å)

1Ho/1Hm 0.28(0.29) �0.71(1Hm-TS) 1.61 3.24 2.79
+0.56(1Ho)

2Ho/1Hm 0.31(0.32) �0.71(1Hm-TS) 1.58 3.28 2.79
+0.57(1Ho)

O-sites when H is unpaired and, at last, when H is paired
(activation barriers 0.4 and 1 eV, respectively).

IV. CONCLUSIONS

The diffusion of H atom on MgO(100) surface has been
investigated to understand the effect of the cooperative inter-
action on the activation energies and reaction paths when
multiple H atoms are adsorbed on the surface in their ground
state configuration. Beside the fact that on MgO surface the
co-adsorption of donor-acceptor pairs leads to a strengthen-
ing of the adsorption energy compared to the case when are
adsorbed alone in the cell (cooperative interaction), we have
shown that co-adsorption influences the hydrogen diffusion.
The results obtained here, can be generalized for a higher num-
ber of H, showing the same trends in variation of the activation
energy for H diffusion on O sites, when passing from unpaired
to paired adsorbed hydrogens in their ground state configura-
tions. In particular, the activation energy is higher for a system
with paired adsorbed hydrogens. The diffusion paths changes
as well: for paired H, Ho moves above the surface with a charge
transfer from the surface to H atom, while for unpaired H, Ho
moves through the surface with no charge transfer during the
TS. Two distinct shapes of diffusion barriers have been iden-
tified: a conventional parabolic slope corresponding to the H
diffusion between oxygen sites in paired configurations and a
broader shape for unpaired situations.

For the H hopping on Mg-sites, the activation energy,
which is lower than the corresponding energy for H hopping
on the O-site, does not depend on the number of preadsorbed
fragments. We expected that the diffusion on Mg sites takes
place at a higher rate than on O sites but not significantly higher
compared to the case of unpaired H.

SUPPLEMENTARY MATERIAL

See supplementary material for 3 figures and 2 tables. The
figures report the differential adsorption energies of H on O
and Mg sites for 1H, 2H, 3H, 4H structures; top and lateral
views of the used unit cells of the most stable structures for
1H(1Ho), 2H(1Ho-1Hm), 3H(2Ho-1Hm) and 4H(2Ho-2Hm)
for their initial, transition, and final states, potential energy
surface for H diffusion from O to O without and with ZPE
corrections; the differential adsorption energy of H on oxygen
site when on Mg site are co-adsorbed H, HO, CH3O fragments.
The tables report all possible structures for 1H, 2H, 3H systems
and their relative stabilities; H distances from the surface and
charges.
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H. Häkkinen, G. K. H. Madsen, R. M. Nieminen, J. K. Nørskov, M. Puska,
T. T. Rantala, J. Schiøtz, K. S. Thygesen, and K. W. Jacobsen, “Electronic
structure calculations with GPAW: A real-space implementation of the pro-
jector augmented-wave method,” J. Phys.: Condens. Matter 22, 253202
(2010).

38J. J. Mortensen, L. B. Hansen, and K. W. Jacobsen, “Real-space grid imple-
mentation of the projector augmented wave method,” Phys. Rev. B 71,
035109 (2005).

39A. H. Larsen, J. J. Mortensen, J. Blomqvist, I. E. Castelli, R. Christensen,
M. Dułak, J. Friis, M. N. Groves, B. Hammer, C. Hargus, E. D. Hermes,
P. C. Jennings, P. B. Jensen, J. Kermode, J. R. Kitchin, E. L. Kolsbjerg,
J. Kubal, K. Kaasbjerg, S. Lysgaard, J. B. Maronsson, T. Maxson, T. Olsen,
L. Pastewka, A. Peterson, C. Rostgaard, J. Schiøtz, O. Schütt, M. Strange, K.
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