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Activated dissociation of H, on the Cu(001) surface:
The role of quantum tunneling
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The activation and dissociation of hydrogen molecules (H,) on the Cu(001) surface are studied theoretically. Using
first-principles calculations, the activation barrier for the dissociation of Hy on Cu(001) is determined to be ~ 0.59 eV
in height. It is found that the electron transfer from the copper substrate to Hy plays a key role in the activation and
breaking of the H-H bond, and the formation of the Cu—H bonds. Two stationary states are identified at around the
critical height of bond breaking, corresponding to the molecular and the dissociative states, respectively. Using the transfer
matrix method, we also investigate the role of quantum tunneling in the dissociation process along the minimum energy
pathway (MEP), which is found to be significant at or below room temperature. At a given temperature, the tunneling
contributions due to the translational and the vibrational motions of H; are quantified for the dissociation process. Within a
wide range of temperature, the effects of quantum tunneling on the effective barriers of dissociation and the rate constants
are observed. The deduced energetic parameters associated with the thermal equilibrium and non-equilibrium (molecular
beam) conditions are comparable to experimental data. In the low-temperature region, the crossover from classical to
quantum regime is identified.

Keywords: H,, Cu(001), dissociation, quantum tunneling, density functional theory (DFT), transfer matrix

method
PACS: 82.37.Np, 82.65.4+r, 68.43.-h, 66.35.+a

1. Introduction

As a clean energy source, hydrogen mainly exists in the
form of molecules in nature. Materials involving metal ele-
ments are commonly utilized as catalysts for hydrogen pro-
duction and storage to harvest hydrogen-based energy.!!=!
The elementary dynamics (e.g., adsorption and diffusion) of
hydrogen on transition metal surfaces are closely related to
some important physical and chemical processes such as crys-
tal growth, hydrogen embrittlement, and surface corrosion, as
well as technological applications like radiation protection in
fusion reactor, electrode reactions in fuel cells, and surface
catalysis.[*'”) When H, molecules approach a metal surface,
depending on the energetics, they may remain in the molecular
form, or they can dissociate with the H atoms attached sepa-
rately on the metal surface. The key factor determining the
energetics is the energy path, in particular the energy barrier
associated with the dissociation process, i.e., the dissociation
barrier. It is found that the dissociation barriers of hydrogen
molecules on metal surfaces depend on the types of metals.
For instance, the H, molecules adsorbed on the surfaces of Pt
and Rh can spontaneously decompose into H atoms.!?*-2?] By
contrast, the Hy molecules adsorbed on the surface of Cu and
Ag?3! cannot decompose into H atoms spontaneously. Addi-
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tional energy consumption is required for the dissociation pro-
cess, which is usually referred to as an activated process, with
an energy barrier E, > 0, as compared with E, = 0 for the
spontaneous process. The dissociation barriers of hydrogen
are also quite different for different crystallographic planes.
The existence of an activation barrier is commonly believed to
be due to the full occupation of d orbitals, which induces Pauli
repulsion when molecules encounter surfaces.!**?°! Conse-
quently, the dissociation processes of Hp on the surfaces of
the metals that have fully-occupied d orbitals tend to be acti-
vated processes (Ep, > 0), while the dissociation on the met-
als with partially-occupied d orbitals is more likely to be a
spontaneous process (E, = 0). There have been many experi-
ments reported!®3:19-1415] for the adsorption, dissociation and
diffusion processes of hydrogen on different metal surfaces.
For example, the nozzle beam experiment, with sticking coef-
ficient measurements for monoenergetic molecular beams as
a function of energy and the angle of incidence, was carried
out to study the adsorption and desorption kinetics of Hy on
Cu surfaces.!®! Using thermal desorption with work function
and low-energy electron diffraction (LEED) measurements,
the adsorption state and adsorption energy for the H/Pd(100)
system was determined.!® Molecular beam techniques were
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utilized to control the kinetic energy and the incident angle of
H; molecules, and to explore in detail the nature of the disso-
ciation barriers on copper surface.[°]

As a typical prototype system for the activated reactions
of H, with metal surfaces, H/Cu has been the subject of
immense theoretical investigations, primarily on the dissoci-
ation and sticking dynamics,***° and the thermal desorp-

1501 which are directly related to the energy path-

tion spectra,
way governing the dissociation/desorption processes. Gener-
ally, the collision between a diatomic molecule with a sur-
face involves at least six degrees of freedom, if the surface
is as assumed to be rigid. For an accurate description of the
process, a study of six-dimensional (6D) dynamics is usu-
ally required. Such a study is feasible for classical mechan-
ics, but it is relatively challenging for quantum-level simu-
lations. Based on the potential energy surface (PES) con-
structed within the Born—Oppenheimer approximation, multi-
dimensional (3D to 6D) quantum dynamics calculations have
been carried out to study the activated dissociation of Hj

s,128-411 with a focus on the role of the vibra-

on Cu surface
tional and rotational states of Hj, as well as the coupling
between both degrees-of-freedom.>*~° Using 6D quantum
simulations, it is found that(33-3%! the dissociation probabil-
ity depends on the orientation of the axis-of-rotation of the
incident H, molecule. The so-called “helicopter” orientation
(where the angular momentum vectors are perpendicular to
the surface, or the line joining the H-H bond is parallel to
the surface) yields a reaction probability that is dramatically
larger than for the “cartwheel” orientation, where the angu-
lar momentum vectors of H; are parallel to the surface. Re-
cently, special attention has been paid to the development of
chemically-accurate PES for the interactions between H; and
the copper and other metal surfaces.*>*°1 Notable progress
in this field includes, for instance, the implementation of the
semi-empirical specific reaction parameter (SRP) approach to
the density functional theory (DFT),[*>#7] and the recently-
developed machine learning PES.[48:49]

As compared with other elements, hydrogen has a smaller
mass, and therefore more significant nuclear quantum effects
are expected in its dynamical process.>'=34! In recent years,
the important role of atomic quantum tunneling in the reaction
rates and the selectivity of chemical processes involving small
molecules has been increasingly reported.>>>®! For instance,
it is found that nuclear quantum effects account for the facile
activation and dissociation of H, on Cu(111) surface which
is alloyed with 1% monolayer of Pd.[>”38] Analysis based on
model potentials has shown that quantum tunneling is essential
to the sticking of Hy on metal surfaces.!?! Despite the enor-
mous number of experimental and theoretical investigations,
there still lack of systematic and in-depth studies on the role
of quantum tunneling in the activated dissociation of Hy on

metal surfaces. In this paper, we revisit this topic by studying
the activation and dissociation of Hy molecules on Cu(001).
The effects of quantum tunneling are investigated based on
first-principles calculations combined with the transfer matrix
method, for which the minimum energy pathway (MEP) of
dissociation is extracted from ab initio potential energy surface
(PES). During the activation process of H, on Cu(001), it is
shown that the charge transfer between the Cu surface and the
H; molecules is the key for the breaking of H-H bond and the
formation of Cu—H bonds. Bistability of the adsorption states
is identified in the vicinity of the critical point of dissociation.
The probability of dissociation and the corresponding rate con-
stants due to the translational (H, tunneling as a whole unit)
and the vibrational motions of Hy molecules are quantitatively
evaluated. The obtained activation barrier and the threshold
kinetic energy for detectable dissociation events agree with
experimental observations. The effective dissociation barrier
is evaluated as a function of temperature, whose magnitude is
found to be significantly reduced owing to the quantum tunnel-
ing of H atoms. For the dissociation of hydrogen isotopes H»
and D;, the crossover from the high-temperature classical dy-
namics to low-temperature quantum dynamics is recognized.
This paper is organized as follows. Following the intro-
duction, Section 2 presents the technical details of the first-
principles calculations and the transfer matrix (TM) method
employed in this study. In Section 3, the results for the en-
ergy path of the activated dissociation of H, on Cu(001), the
role of charge transfer, and the role of quantum tunneling in
shaping the kinetic process are presented and compared with
experiments. Section 4 summarizes the main findings of this

paper.

2. Methods

2.1. First-principles calculations

The Vienna ab initio simulation package (VASP)[%60]

based on density functional theory (DFT) is employed for the
The Perdew—Burke—Ernzerhof
(PBE) functional within the generalized gradient approxima-

first-principles calculations.

tion (GGA)[®1-0%] is used to describe the exchange correlation
of electrons, in combination with the PAW potentials!®94 to
describe the electron—ion interactions. The energy cutoff for
the plane-wave basis sets is 600 eV. The initial atomic con-
figurations are constructed with the aid of VESTA, %] which
models the Cu(001) surface as a six-layer p(3x3) supercell re-
peating periodically along the xy plane with a vacuum layer of
about 15 A along the z direction. In all the calculations, the
Cu atoms in the bottom three layers are fixed while the atoms
in the upper layers are relaxed. We employ a dipole correction
for the total energy to eliminate the artificial dipole—dipole in-
teraction caused by the upper and lower asymmetric slab sur-
faces. A 4 x 4 x 1 Monkhorst—Pack k-mesh!®! is generated to
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sample the Brillouin zone (BZ) in performing structural relax-
ation and total energy calculations. These sets of parameters
ensure the total energy calculations converge within an error
bar of ~ 0.5 meV/atom. The vibrational properties of the re-
laxed structures are analyzed using the density functional per-
turbation theory (DFPT).[67]

2.2. Transfer matrix method

The probability of a quantum particle passing through
a potential barrier of arbitrary shape can be obtained using
the transfer matrix (TM) method. By numerically slicing
an arbitrarily-shaped potential, it is transformed into a stack
of multiple rectangular potential barriers (potential wells).[>*]
The transmission of a particle through each rectangular poten-
tial barrier (potential well) can be represented by a matrix of
coefficients that describe the transmitted and the reflected am-
plitudes of the wave function. Multiplying the coefficient ma-
trices in turn one obtains a transition matrix representing the
transition relationship between the initial and the final states.
For the transmission across a potential V (x), the incoming (Ay,
Br)) and outgoing amplitudes (ARr, Br) of the wave functions

can be related as follows: 3!

AR\ AL
()= (5): W

myy mp3
myy ma
tem that preserves the time-reversal symmetry, the determi-

where M = < ) is the transfer matrix. In a sys-

nant is |M| = 1, and the transmission coefficient is calculated
by T(E) = 1/|mnl’.

The advantage of the TM method is that the obtained
transmission probabilities are numerically accurate as com-
pared with that calculated by the Wentzel-Kramers—Brillouin
(WKB) approximation. 8! For instance, when the incident en-
ergy of a classical particle is higher than the potential barrier,
the probability of the particle passing through the barrier is 1.
Such a deficiency of traditional WKB is partly amended by an
improved version.!®°! For a quantum particle, due to the exis-
tence of quantum interference, even if the energy of the par-
ticle is greater than the barrier height, there may be a certain
probability of reflection, which makes the probability of pass-
ing through the potential barrier to be smaller than 1. The TM
method deals with the transport of quantum particles through
a given potential field in a unified manner, and it fully consid-
ers the quantum effects in the process of crossing a potential
barrier.

3. Results and discussion

3.1. Mechanistic analysis of the interaction between H)
and Cu(001)

We begin by investigating the atomistic process of the
dissociation and adsorption of H, on the Cu(001) surface. Fig-

ure 1 shows some typical configurations representing the dis-
sociation process of a Hy molecule approaching the Cu(001)
surface along the normal (z) direction. The orientation line of
H-H bond is parallel to Cu(001), and the midpoint of H-H
bond is right above one of the bridge sites of Cu(001), with
the projection of H-H bond perpendicular to the surface of
Cu—Cu bond. Such an initial configuration gives rise to the
largest possibility of dissociation.!!7-23-33-331 Our calculations
found that, when the distance between the H, molecule and the
Cu(001) surface decreases to a critical value (zc = 0.947 A),
the covalent bonds in the H, molecules tend to break, and
the molecule decomposes into two adsorbed H atoms on the
Cu(001) surface. The corresponding PES is obtained by the
following procedure: At the height of the center-of-mass Zy,,
the H, bond length dy_y is gradually varied, and the con-
figuration space is sampled point-by-point with the energy of
each configuration at the coordinates (Zy,, dg—n) given by
the DFT calculations. The PES is shown in Fig. 2(a), with
its 2D projection onto the parameter plane Zy,—dy—p shown
as a contour plot in Fig. 2(b). The MEP is indicated by the
scattered dots in Figs. 2(a) and 2(b), with four typical config-
urations labeled by A, B, C, and D. The top and side views

(a) oo

(b)

(c)

(d)

Fig. 1. Top (left) and side views (right) of the typical H,/Cu(001) con-
figurations, from the molecular state (a) to the dissociative state (d). The
blue (large) balls represent Cu atoms, while the pink (small) ones are for
H atoms. This convention applies to all the figures.
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of the MEP are schematically shown in Fig. 1. The relative
energy with respect to the initial molecular state (configura-
tion A) is shown in Fig. 2(c), as a function of the distance
(|Zo — Z|) traveled by the center-of-mass of Hy approaching
the Cu(001) surface. Compared to Figs. 2(a) and 2(b), the
relative energies for the configurations near the critical point
shown in Fig. 2(c) are refined by the calculations with relaxed
H; bond length (dy_pn) at a given height Zy,. Therefore, the
refined MEP represents a set of energy local minima along the
reaction path. Figure 2(d) shows the variation of total energy
Ey (with respect to configuration A) as a function of the bond
length dy_p at a series of heights z (= Zy, ), from the gaseous
molecular state (z ~ 2.813 A) to near the critical height of dis-
sociation (z¢ ~ 0.947 A). The local minima of the curves corre-
spond to the dynamically stable configurations locating on the
MEP, yielding the stable bond lengths dy_p at a given height.
Compared with the other Eg—dy_p curves of molecular state,
the most remarkable feature of the curve (z = 0.968 A) at the
vicinity of the critical height (z. = 0.947 A) is the existence of
two stationary points, as indicated by the two local minima at
dy_ =0.990 A and 2.772 A, respectively. The two minima
are separated by a small barrier of AE ~ 3 meV. This small
barrier implies that a weak perturbation will switch the molec-
ular state (C) to the dissociative state (Cy), leading to an abrupt

change in the bond length dy_y. At temperatures 7 < 300 K,
the H, molecule is frozen at its vibrational ground state, and
the translational motion along the surface normal direction (z)
therefore plays a major role. Near the critical height, a slight
increase in the kinetic energy of the center-of-mass and conse-
quently a small decrease in the H,-Cu(001) distance will result
in an abrupt breaking of the H-H bond.

Before the onset of the dissociation, the energy of the sys-
tem continuously rises with the decreasing of H,-Cu(001) dis-
tance. At the critical point of bond breaking, there is a sud-
den change, and the energy of stationary states drops abruptly,
as indicated by the C—Cy line shown in Fig. 2(c). Accord-
ingly, the energy drop (from configuration C to D) in this
process corresponds to the desorption barrier of chemically-
adsorbed H on Cu(001). The height of the barrier (£, ~
0.586 eV) is in good agreement with that from the previous
works (Ep, ~ 0.58 eV)[1746.70] at the GGA level, but it is lower
than the barrier height (Ey, ~ 0.74 eV) calculated using the
SRP-DFT method. 4343461 The desorption barrier and the des-
orption rate of Hy on the Cu(001) surface!!>! are commonly
measured in experiments using temperature-programmed des-
orption (TPD); they can be numerically simulated based on the
DFT calculations in combination with kinetics analysis. "]

Energy (eV) (b)
(a) | 5.520
3
4.805
4.090
< 3.375 g
L 3 2
g 2.660 N
0
o 1.945
=)
= 1.230
1
0.515
—0-200 1.0 1.5 2.0 2.5
du_nu (A)
() d)1.2
0.6 - C (d) —2=2.813 —2=2.200
’ 1.0 —2=1.764 —2=1.394
—2z=1.073 — 2=0.968
= 04 081 0.588 — 2=0.968
% ,:; . 0.586
~ 0.2 B, [0) 0.6 4
% - .
g A g 044y
o 0 1 |
K Cy 0.24 |
----------------------- . 1.00 1.05
J— -1 D i
0.2 \ ol Vi :
—0.4 - - - - —0.2424 : : . .
0 1 2 3 1 2 3 4 5

Fig. 2. Calculated PES (a), its 2D contours (b), and the refined MEP (c) for the activated dissociation of H, on the Cu(001) surface. (d) Vari-
ation of the relative energy (Ep) with the bond lengths (dy—_p) at a given height z. The energy of the initial configuration at gaseous phase
(configuration A) is set as zero point. The points A—D in (c) correspond to the atomic configurations shown in Figs. 1(a)-1(d), respectively. Zy
is the initial height of H, and |Zy — Z]| is the distance traveled. The points C and Cy4 represent the two stationary states at the critical height zc.
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To understand the bond breaking from the level of elec-
tron, we have calculated the charge density differences for a
number of typical adsorption configurations, including the ini-
tial molecular state, the intermediate and transition states of
dissociation, and the final fully-dissociated state on Cu(001).
Practically, the charge density difference (Ap) of a given con-
figuration is obtained by subtracting the charge density of the
substrate and two individual H atoms from the total charge
density of the adsorption system. The formula is as follows:

—p[H-1]
—p[Cu(001)], (2)

Ap = p[Hz/Cu(001)]
—p[H2]

where p[H,/Cu(001)] is the charge density of the system of
H,/Cu(001), p[H-1] and p[H_2] denote respectively the charge
densities of the two H atoms, p[Cu(001)] is the charge density
of the Cu(001) system.

The isosurfaces of charge density differences are shown
in Fig. 3. When the H, molecule is far away from the Cu(001)
surface, there is no charge transfer between H; and the sub-
strate. Instead, one sees mainly the charge difference with
positive values in-between the two H atoms (Fig. 3(a)), which
is a clear evidence of the H-H covalent bond. As the distance
between H, and Cu(001) decreases, the electrons from sub-
strate Cu start to be transferred to the H atoms. The closer they
are, the larger the amount of charge transfer is found. When
the H,—Cu(001) distance is z = 0.749 A, the two H atoms are
separated from each other and the H-H covalent bond is bro-
ken. The H atoms are located between four nearest neighbor-

(a) @ (b)

» © O O

a b

OOOOOOO

L. 260 0 @.oo

OOOOOOOOO
00000000000

2=12.460 A z=1.754 A

ing Cu atoms and exchange charges with them. The H atoms
The elec-

trons gather around the H atoms, indicating some characteris-

gain electrons while the Cu atoms lose electrons.

tics of ionic bond between H and Cu atoms. Figures 4(a)—4(d)
show the two-dimensional (2D) contours of charge distribu-
tions, which are sliced along the surface normal plane through
the centers of the two H atoms. When the H,—Cu(001) dis-
tance is z = 0.592 A, the covalent bond is completely bro-
ken. It is worth noting that the H-H bond is very weak at
7 = 0.947 A, but it is still not broken. This can be regarded as
the critical state. The breaking of the H-H bond is observed in-
stantaneously when the H,—Cu(001) distance exceeds the crit-
ical value (z. = 0.947 A).

To get more insights into the dynamical process associ-
ated with charge transfer, we study the charge transfer between
H, molecule and the substrate using the Bader analysis.!”!]
The results are shown in Fig. 4(e). When an H, molecule
gradually approaches the Cu(001) surface, electrons from the
underlying Cu substrate are gradually transferred to the two H
atoms. The critical distance between the hydrogen molecule
and the surface of Cu(001) is Zy, cy(oo1) = 0.947 A, cor-
responding to a decrease in the height |Zy — Z| ~ 2.576 A.
As seen from Fig. 2(c), the total energy of the system drops
steeply at this distance. Meanwhile, a sharp increase in the
charge transfer to H atoms is observed (Fig. 4(e)). The abrupt
changes in both the total energy and the number of transferred
electrons indicate that the dissociation of hydrogen molecules
at the critical point may be an ultrafast process.

(c) (d)
o o g3tk
© 00 099

G‘boo@ooo

© 060 ©0600O0

PO

ﬁ .ol wi

0 0 o
2=0.749 A 2=0.592 A
Positive 0.002 e/Bohr3
B  Negative  0.002 e/Bohr?

Fig. 3. Isosurfaces of the charge density differences for the Hy/Cu(001) at gradually decreasing H,—Cu(001) distances. (a) The initial configuration
of Hy, corresponding to the configuration in Fig. 1(a) and point A in Fig. 2(c). (b) The transition state of H, from the molecular to the dissociation
states. (c) and (d) The dissociative states in the form of adsorbed H atoms on Cu(001), with (d) being the final stable dissociative state.
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Figures 4(f)—4(i) show the variation of 2D charge distri-
butions between one of the H atoms (the other one is geometri-
cally equivalent) and the nearest neighboring Cu atoms. At the
initial distance z = 2.460 A, the H-Cu bond does not exist. As
the distance between the H, molecule and the Cu(001) surface
decreases, the H-Cu bond gradually forms and strengthens.
Finally, the H atoms form H-Cu bonds with the nearest neigh-
boring Cu atoms. The charge contours clearly demonstrate the
formation of H-Cu bonds when a H, molecule approaches the
Cu(001) surface.

From the analysis above, one may conclude that the ad-
sorption and dissociation of H, molecules on Cu(001) is es-
sentially a competition between H-H and H-Cu bonds. Re-
garding the forces governing this process, the nuclear (ion

(a)

(c)

0.61 (e)

0.4 1

0.2 1

Transferred electrons (e)

3.5 3.0 25 20 1.5 1.0 0.5
Z,—cu(oor) (A)

core)—electron interactions are attractive, while the nuclear
(ion core)-nuclear (ion core) and electron—electron interac-
tions are repulsive. The balance between the attractive and
repulsive forces leads to the formation of the chemical bonds.
The strength of the attraction is largely related to the extent
of the overlap of electron wave functions. As a result, the
strength of the attraction and the bonding between two atoms
are largely determined by the overlap of wave functions of
electrons that participate in the bond formation. For a given
atom in a molecule, when the attraction from an atom of a for-
eign species is larger than that from the one it is bonded with,
breaking of the old bond and the formation of a new bond are

therefore expected.

2=1.164 A

+0.020
+0.018
+0.016
+0.014
+ 0.012
+0.010
+0.008
+ 0.006
+ 0.004
+ 0.002

+ 0.000
e/Bohr?

°Cu

Fig. 4. The 2D contours of the charge densities associated with the breaking of H-H bond, from the molecular state (a), the transition states
(b) and (c), to the dissociative state (d). (e) Charge transfer from Cu(001) to H,, obtained from a Bader analysis, as a function of the distance
from the center-of-mass of H to Cu(001). (f)—(i) 2D contours of charge densities, illustrating the formation of H-Cu bonds for the same
configurations as that for (a)—(d), but viewed from different perspective angles.

3.2. Role of quantum tunneling in the dissociation pro-
cesses

For a hydrogen molecule incident on the Cu(001) surface,
the line joining the H-H bond can be either parallel or per-
pendicular to Cu(001). Generally, the orientation of the H-H
bonds with respect to the Cu(001) surface can be described by
an angle o, which varies in the range of 0 < a < 90°. Pre-
vious studies based on semi-empirical and ab initio methods
have shown that the barrier for H, dissociation on Cu(100)
depends on the orientation angle.!!7-33-33] Dissociation occurs
more easily when the H-H axis is parallel to the surface. This
is because the H, molecule of this orientation has the largest
contact with the surface when it is close to the Cu(001) sur-
face. Thus, it has the biggest chance of reaction and dissocia-

tion. Therefore, we only consider the case of & = 0, for which
the axis of the H-H bond is parallel to Cu(001), with the two H
atoms and the center-of-mass sharing the same z coordinates.
From the point of view of dynamical motions, the dissociation
of Hp molecules on Cu(001) is mainly due to the contribution
of two processes. The first process is the dissociation due to
the translational motion of Hj in the vertical direction along
the MEP, the most probable reaction path which is determined
with the variation of H-H bond length (dy_p) intrinsically in-
cluded in our DFT calculations. As shown in Fig. 5(a), an Hp
molecule approaches the Cu(001) surface along the z direc-
tion by overcoming the potential barrier U(z), i.e., the MEP,
and finally it reaches the state of dissociation and chemisorp-
tion. The second process is the dissociation due to the stretch-
ing vibrations of H atoms in the horizontal direction (which
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is parallel to the Cu(001) surface). These two processes con-
sist with the concept of overcoming the early and the late bar-
riers, respectively, in the dissociative attachment of diatomic
molecules on surfaces.[’”) As shown in Fig. 5(b), when the
H atoms approach the Cu(001) surface along z direction, the
lateral vibration of each H atom provides an additional prob-
ability of breaking the H-H bond by overcoming the lateral
potential barrier U (x, y). This can be determined by standard
DFT calculations. For a given temperature 7', the dissociation
probabilities of the two processes can be calculated separately,
and then the total dissociation probability is obtained by sum-
ming up the probabilities of the two processes. Unless other-
wise stated, both Hy molecules and single H atoms are treated
as quantum particles in our study of the role of tunneling.

Fig. 5. Schematic diagrams for the dissociation of H, molecules inci-
dent along (a) the surface normal (z) directions and (b) the transverse
direction. Here, Z¢ and Zj correspond to the initial and the critical
positions of Hy (point C in Fig. 2), respectively. The potential energy
difference between the instantaneous ground state of H, at height z and
the zero point (completely dissociative state) of the potential energy is
marked as E.. The potential barrier height, with respect to the potential
energy zero, is marked as Ey,.

For the first process, the probability of dissociation is
PLT) = [ p(ETT(E)E
Em

& /0 p(E,T)T,(E)dE, 3

3/2 , o
nkBT) / VE e E/(sT) s the kinetic en-
ergy distribution function;["3! it is suitable for the particles in

where p (E,T) = 2m( =2

thermal equilibrium systems where the parabolic momentum-
energy relation exists and the scalar potentials dominate the
interactions.®¥ Here, T is the absolute temperature, E is the
incident energy, and kg is the Boltzmann constant. The quan-
tity T; (E) is the transmission probability of the H, molecule
(as a whole unit) across the potential barrier U(z) (Fig. 5(a)),
at a certain energy FE; it is calculated by the transfer matrix
(TM) method. In practice, an upper bound (Ey,) is set for the
evaluation of the integral, and it ensures the numerical results
converge to desired precisions.
For the second process, the probability of dissociation is

1

V4 o
A = [ ez pEDTE)E
L Jy U(2)

1

21 Em
Fa ] tpEnTE@E @
L)y Jue

1%

where zg is the initial height of H, and z; is the minimum
height for H, to remain at molecular state (i.e., the critical
height, z.), as shown in Fig. 5(a). The length L = (z; —z0) is
a normalization factor; it represents a decrease in the height
with respect to Cu(001). The integration of the kinetic en-
ergy function is considered only for the case when E > U(z).
The quantity 7; (z) is the probability that a Hy molecule passes
through the transversal potential U (x, y) (Fig. 5(b)) at temper-
ature T and height z; it can be obtained by the transfer matrix
(TM) method combined with the calculations based on sta-
tistical mechanics. Quantum tunneling is possible only if the
vibrational energy E, > E., where E_ is the energy difference
between the molecular and the dissociated states at a height z
(Fig. 5(b)). The mathematical expression for the transmission
probability is

Tr(Z) = i Pn X Tr(En _EC7Z)7 (5)

n=nc¢
—BEn hd _
where py = “g B = gir, B = (n+ 180, 0= T e PPr=
n=

ephw/2
eBho_1
the harmonic approximation (frequency ®). The value of 7w

, and E,, is the nth vibrational energy level of H, within

can be obtained directly from DFPT calculations. Using the
above expressions, the probability p, can be expressed as

Dn = e—l’lﬁha)(l _ e—ﬁh(t)). (6)

The quantity 7;(E, — Ec, z) is the probability of a H, molecule
passing through the transversal barrier U (x, y) with an incident
energy of E, — E. and a height of z. Similarly, the transmis-
sion probability can be calculated using the TM method. The
barrier height is Ey, as depicted in Fig. 5(b). For a numer-
ical evaluation with energy sampling interval in the order of
magnitude of 0.1 meV, a good convergence (with a relative
deviation of less than 0.1%) of the integral is obtained when
E., =~ 5E,.

At a given height z, the energy of the system is set to
be the zero point of potential energy when the H-H bond is
broken (Fig. 5(b)). The difference between the lowest poten-
tial energy point at this height and the potential energy zero is
labeled as E.. It should be emphasized that only the energy
levels with E,, > E. can produce effective quantum tunneling,
and the corresponding vibrational energy level is labeled as the
ncth excited state. The subscript of the summation is therefore
n > ne. In the case of E,, < E., evanescent waves of incident
particles are expected, and the waves decay exponentially with
the distance traveled. Finally, at temperature T, the total prob-
ability of Hy dissociation on Cu(001) as a quantum particle is
givenby Po(T) =P, (T)+P|(T).

The role of quantum tunneling can be demonstrated by
assuming the H, molecule to be a classical particle and then
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comparing the probabilities of dissociation at given tempera-
tures. The dissociation can be considered to be due to the con-
tributions from two processes. The first process is to overcome
the potential barrier U(z) to reach the decomposed adsorption
state when H; gradually approaches the Cu(001) surface along
the z direction. The probability corresponding to this process
can be calculated as follows: >

Poy = /E: P(Ey)dE; = (1 —Erf[ EbL/(kBT)])

B JkaT)e BT, 7
+ b/ (kgT)e @)

2
Ns3
27 (7, T) \/Ek e Ex/(keT) g
the kinetic energy distribution function at a given temperature

As mentioned above, p (E;) =

T, Ej is the kinetic energy, and Ey | corresponds to the height
of U(z), which is ~ 0.586 eV.

The second process is the dissociation due to the ther-
mal motions of a single H atom overcoming the constraint
of H-H bond The probability of this process is given by
Pej=exp(—z
which was experlmentally determined to be ~ 436 kJ/mol or

) where Ey|| = Ey—p is the H-H bond energy,

4.51 eV."* This value is well above Ep, and thus one has
P > PC“ .
rection is negligible as compared with that in the vertical (sur-

Therefore, the dissociation in the horizontal di-

face normal) direction due to the translational motions of Hj.
In summary, as a classical particle, the dissociation probabil-
ity of Hy is given by P = Pc) + Fc| = Pcy. The calculated
transmission probabilities are presented in Fig. 6, as a func-
tion of temperature. It is seen that both quantum and classi-
cal probabilities increase with elevating temperatures. Below
T = 1350 K, the transmission probability considering quantum
tunneling effects (Py) is always higher than that for the case of
treating the H, molecule as a classical particle (Pc). This phe-
nomenon is even more pronounced at room temperature and
below, at which the quantum transmission probability Fg is
well above its classical counterpart Pc. In the lower panels of
Fig. 6 the contributions of the two processes are compared. It
is found that the first process plays a major role in the over-
all dissociation, especially at low temperatures. At 7 < 18 K,
the probability of the first process is more than 100 orders of
magnitude higher than that of the second one. In low energy
region, the corner-cutting effects,[7>-7°1 due to which the tun-
neling pathway deviates from the MEP, can be important for
H; dissociation. Such effects have been partly included in the
calculation of MEP, for which the constraint of symmetric con-
figurations of H; is imposed (see texts above).

Using the calculated dissociation probability of the H,
molecule on Cu(001), we can estimate the rate constants of
dissociation. The reaction rate constant k can be obtained via
the relation,’*! k = vP, where v is the attempting frequency
and P is the corresponding dissociation probability. For the

first process, v can be expressed as the reciprocal of the time
7(E) for traveling from the starting point zo to the end point z;
(Fig. 5(a)). The dissociation rate constant for the first process
is
1 1
VI(E) = = (3)

o(E) I% 2(U(’575) dz

where E is the kinetic energy of the incident particle, U(z) is
the dissociation potential along the vertical direction as shown
in Fig. 5(a), and m is the mass of H, molecule. The traver-
sal time 7(E) of tunneling across the barrier is obtained using
Eq. (2) presented in Ref. [80]. The reaction rate constant of
the first process is

6 (T) = [Cvi(B)p(ET)T(E)4E

~ /OEm v. (E)p(E,T)T,(E) dE. )

Here, E;,, = 5E, for the numerical evaluation of the integral,
and p(E,T) = ZE(EkLT)yz\/Ee_E/(kBT) for the kinetic en-
ergy distribution at temperature 7.

(a) (b) —
P 0 -
0.08 Q 7
T ~100{ | O ———
9 L 100
0.041 6
3 ) —2001 200
0
50 300
0 9 150, —300 0 150 300
0.08 0
P, .
£ -10
A 0.04 =
¥ _20
0 —-30
0.008 o
- B
0.004 —100
—200
0 ~300
0 1000 2000 0 1000 2000

Temperature (K) Temperature (K)

Fig. 6. The probability of H, dissociation due to the translational mo-
tions in surface normal direction (subscript L) and the vibrations in
the transverse direction (subscript ||) on Cu(001), presented in both lin-
ear (a) and logarithmic scales (b). The classical (Pc) and the quantum
probabilities (Pq), as functions of temperature, are compared in the top
panels.

For the second process, the frequency of the H-H stretch-
ing mode in the transverse direction, v (2), is used in the cal-
culation of the rate constant. The frequency varies with the
height z, in fact, it gets progressively smaller with decreasing
height z. The rate constant for the second process is given by

ky(T) = L/zo /

VH ) (Z) dE
Em
- dz/ 1%
L/, Iz

1%

) (E,T)T,(z)dE, (10)
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where the vibrational frequency vj(z) can be obtained from
the DFPT calculations. Ultimately, the total rate constant is

ko =k (T)+ky(T). (11)

The results for the rate constants are shown in Fig. 7, indicat-
ing that the dissociation in the vertical direction dominates the
whole process. On the other hand, it is seen that (insets of
Fig. 7) the dissociation due to the H-H vibrations (horizontal
stretching) plays a nontrivial role at T > 300 K, for which both
the translational and the vibrational motions of Hy contribute
significantly to the breaking of H-H bond.

T30
2.41 ka2
[ k. £ 20
| iy
®w &
= — kB0
= j)
2 1.6 g0
— 9= ~ 0 100 200
- w
% é 2.0
% z
g {510
S 0.8 g
g {0
< K 0 100 200 300
~ 04

0 1000 2000

Temperature (K)

Fig. 7. Temperature dependence of the quantum rate constant kg, and
their vertical and transverse components.

At the temperature Ty = 220 K (insets of Fig. 7), the rate
constant of dissociation is kg ~ 300 /s, which corresponds to
a dissociation number of Ny, ~ 1.08 x 10° within one hour.
The smallest face-centered two-dimensional (2D) surface unit
cell for Cu(001) is a square with the size a ~ 3.61 A and the
surface area Scy(oo1) = a®> = 13.03 A%, Periodically extend-
ing 1000 times along the two basis vectors yields a square
substrate with a side length of L ~ 0.361 pm, which is com-
parable to the size of the samples employed in experiment.
On average, each 2D surface unit cell can adsorb 1.08 x 2
H atoms. If we define a surface coverage of one monolayer
(ML) for the adsorption of one H to one surface Cu atom,
then at Ty = 220 K, the surface coverage on Cu(001) within
one hour is estimated to be ~ 1.13 ML. This coverage is ex-
perimentally measurable. Nontrivial dissociation of H; is ex-
pected to take place on Cu(001) at T > Ty. The predicted
temperature for the onset of the nontrivial dissociation of Hj
is Ty = 220 K, which is comparable to previous experimen-
tal observations of the thermal desorption of dissociated H
from Cu(001) (Ty ~ 218 K).['3] A significant increase in the
reaction rate constant is found when the temperature reaches
1000 K and above (Fig. 7). At such temperature the dissocia-
tion due to the stretching mode of H-H vibrations starts to play
a nontrivial role. This is also in good agreement with the pre-
vious experimental measurements. When the kinetic energies
of the hydrogen molecules ejected from the molecular beam

nozzle reached about an equivalent temperature of ~ 1000 K
and above, it was observed that hydrogen began to adsorb in-
stantaneously on the copper surfaces with measurable sticking
coefficients. 6]

E (eV)
0.03 0.13 0.23 0.33 0.43
10|
5F
=
= of
©0
2
—5F
— ka
710 -
I k:mbz
100 500 1000 1500 2000
T (K)

Fig. 8. Calculated rate constants kg and kmp, (in logarithmic scales)
for the dissociation of H, on Cu(001) under the thermal equilibrium
condition and from molecular beam experiments, respectively.

The kinetic processes studied above are based on the pre-
condition that the dosed H, molecules are in thermal equilib-
rium, with a well-defined kinetic energy distribution.'>* The
situation changes significantly when the incident H, molecules
are produced by a molecular beam nozzle,!%!% where the ki-
netic energy of H, molecules has a very narrow distribution!!?!
and it can be as assumed to be single-valued. For the mo-
noenergetic molecular beams of Hp with kinetic energy E, the
probability of tunneling is given by the transmission coeffi-
cient T;(E), which is readily computed using the TM method.
For a Hy molecule which penetrates the barrier U(z) and ar-
rives at the Cu(001) surface, the rate constant of dissociation
is kv (E) =V (E) x P (E) = v, (E) X T; (E). We have
compared the rate constant of dissociation of H, under ther-
mal equilibrium with that for the non-equilibrium molecular
beam experiment. The characteristic temperature for the acti-
vation of the rotational degree-of-freedom of a H, molecule is
6, ~ 85 K.[81l By contrast, the vibrational degree-of-freedom
of H is largely frozen at its ground state due to the very
high characteristic temperature (8, ~ 6100 K).®!1 For temper-
atures above 6;, both the translational and rotational degrees-
of-freedom of H; are activated, and the equivalent temperature
of the incident Hy molecular beam with the kinetic energy E
can therefore be estimated to be T = 2E/(5kg). The calcu-
lated rate constants are shown in Fig. 8, as a function of the
temperature and the kinetic energy of each H, from molec-
ular beams. It is clearly seen that at the same temperature
the rate constant under thermal equilibrium (kq) is larger than
that for molecular beams (kp,,). Unlike the monoenergetic
molecular beam with the translational kinetic energy E, the
H; molecules at thermal equilibrium have a nontrivial proba-
bility of being at the energy states E > E;. This probability is
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P(E>E)= [ p(E)dE= — «/Et/ (kgT)e () . Recalling
that E = 38T we have P(E >Et) 2\/3/2¢" (3) 2 0.308.

This means that a considerable portion of H, molecules pos-
sess kinetic energies above the average E:, and it also explains
the difference between kq and kpp,.

Using the experimental parameters presented in Ref. [10],
i.e., the flux of the incident H, molecular beam through the
s~! and the
number of incident H, molecules per second for unit area is es-

. Ny Ny 1015 ~ )
timated to be Fyp, = 52 = 7:(42)2 = o = L4LA

nozzle (with the diameter d = 3 mm) is ~ 1013

Within a time interval ¢, the number of Hy molecules deposited
on the surface unit cell of Cu(001) is therefore

naH, (E) = Fbz X Scu(001) XKmbz (E) X 1. (12)

In the case t = 1 s, we have ngp, (E) = 18.4 X kyyp, (E). For
the kinetic energy E = 0.176 eV and kyyp, (E) = 0.073 s~ 1,
our calculations yield nq 1, (0.176) = 1.3, which implies that
the surface coverage of dissociatively adsorbed H is ~ 1 ML.
This is expected to give detectable signals for experimental
measurements. The threshold value E = 0.176 eV for measur-
able dissociative adsorption of H, on Cu(001) is comparable
to the experimental measurement £ = 0.2 eV from molecular
beam experiment. (! This result shows the key role of quantum
tunneling in the activated dissociation of H, on Cu(001).

3.3. Effective barrier and isotope effects

For the barrier-crossing process of a microscopic parti-
cle that satisfies the Van’t Hoff—Arrhenius relation, the total
transmission probability (Po) can be generally expressed as

follows: P4

Pot(T) = e Eo/(ksT), (13)

where E} is the effective barrier, and kg7 have the usual mean-
ings as before. Therefore, the value of the effective barrier £
can be obtained as follows:

Ef = —(kgT)In[Po (T)] = kBTln[ (14)

1

Prot (T)} '

Clearly, the effective barrier EY is a function of tem-
perature. Using the probability P, (7) obtained by the TM
method, the values of E at different temperatures are calcu-
lated, and the results are shown in Fig. 9. The data for the
dissociation of H, and D, are presented, to show the isotope
effects. It is seen that the effective barrier Eg , which includes
the effects of quantum tunneling, is appreciably lower than the
classical barrier height (dissociation along the surface normal,
U(z)), which is deduced by treating the incident H, molecules
For T > 200 K, the effective dissoci-
ation barriers of both H, and D, increase smoothly with T

as classical particles.

and reach their maxima at ~ 500 K, then they decrease slowly

with further increasing temperatures. The nearly steady gap
(AE = Ey , — Ey , ~ 0.02 eV) between the effective barriers
of H, and D; is a consequence of quantum tunneling, whose
probability decreases with increasing particle mass. Our cal-
culations found that, for 7 > 1000 K the gap (AE) decreases
gradually and vanishes at ~ 3500 K, beyond which the sys-
tem approaches the classical limit. The existence of a maxi-
mum for E;; can be qualitatively understood based on Eq. (14),
where the competition between the terms kg7 and In [#(T)}
arrives at a compromise.* The weak temperature depen-
dence of E; at T > 300 K indicates that it is usually suffi-
cient to use one barrier parameter to describe the temperature-
dependent kinetic process of atoms.

0.6 1

(eV)

*
b

E

— Quantum (H
0‘:}00 300 500 Q ( 2)

—— Quantum (D-)

—— Classical

O T T
0 400 800 1200 1600
Temperature (K)

2000

Fig. 9. The energy barriers for the dissociation of Hy and D; on
Cu(001). The original barrier height calculated using adiabatic approx-
imation is referred to as “classical”. The effective barriers (Ey) due to
quantum effects are presented as a function of temperature.

The effective barriers for both H, and D, increase with
temperature slightly, for 7 ~ 200 K to 260 K. In this tem-
perature range, the barrier for Hy varies from Ej ~ 0.47 at
200 K to 0.48 eV at 260 K. Similarly, the corresponding val-
ues for D, increase from 0.49 eV to 0.50 eV. This is com-
parable to the data from the thermal desorption (the reverse
process of dissociation) measurements in the same tempera-
ture range, in which the activation barriers of dissociation are
determined to be 48 £ 6 kJ/mol (or ~ 0.5040.06 eV) for H,
and 56 + 8 kJ/mol (or 0.58 +£0.08 ¢V) for D,. The situation
is much different for 77 < 200 K, where the effective barrier
drops almost linearly with decreasing temperature. The effec-
tive barrier for Hy decreases quickly from E} ~ 0.47 eV at
200 K to 0.06 eV at 10 K, while the barrier for D, varies from
0.49 eV to 0.08 eV in the same temperature range. When the
temperature 7' approaches 0, E;; tends to be zero, indicating
that quantum tunneling effects may have a significant impact
on the atomic-scale dynamics even at extremely low tempera-
tures.

The significant role of quantum tunneling can be further
demonstrated by investigating the isotope effects on the trans-
mission probability and rate constant of H, and D, dissocia-
tion on Cu(001). In the calculations based on the TM method,
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both H, and D, are treated as quantum particles, for tempera-
ture 7 < 300 K. The results are shown in Fig. 10. In the low
temperature region, particularly for 7 < 100 K, significant dif-
ferences between the transmission probabilities and rate con-
stants are found. Using the relation k = vP, the natural log-
arithm of the reaction constant, ln(KQ), may be expressed as
follows:

= Ilnv—- 2 (15)

where the negative slope of the In(Kq) ~ kBiT line is sim-
ply due to the effective barrier E;; at a given temperature T
As seen from Fig. 10(d), at the turning point 7 ~ 100 K the
rate constants for H, and D, depart from each other signifi-
cantly, as an indication of the crossover from classical to quan-
tum regimes. Moreover, the trends of the two curves can be
roughly described by a combination of two lines that have the
slopes being equivalent to the two effective barriers, as shown
by the dash lines in Fig. 10(d). Similar characteristics of 7'-
dependent rate constant are found in the case of H diffusion
on the Cu(001) and Pt(111) surfaces; 3284 these characteris-
tics may be also expected for the diffusion processes on the
surface of other metals. In the phenomenological description

of the effects of quantum tunneling, [*%-83]

two sets of param-
eters for the activation barriers (for both classical and quan-
tum motions) together with two prefactors are introduced to
roughly account for the dynamics at high and low temperature
regions. By contrast, our method produces the major features
of the variations of rate constant with temperature in a logi-
cally natural and unified manner, and it provides a promising
way for including quantum tunneling effects in the chemical

dynamics of many-body systems.
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Fig. 10. Calculated quantum probabilities (upper panels) and rate con-
stants (lower panels) for H, and D, dissociation on Cu(001), as a func-
tion of temperature. The crossover from classical to quantum regimes
is schematically indicated by the dash lines in (d).

The transmission coefficients 7:(E), the total transmis-
sion probability P (T') at a given temperature 7', the rate con-
stants k, and the corresponding effective barrier E; are de-
duced from the PES calculated at the DFT-GGA level. Further
corrections can be made by introducing more accurate PES for
the H,—Cu(001) interactions (e.g., the PES calculated by the
semi-empirical SRP-DFT approach!4>~1), the van der Waals
corrections, or the interactions due to surface phonons. All
these corrections may be taken as perturbations to the PES
obtained by DFT-GGA calculations. As has been shown in
Ref. [54] the perturbations or small changes to the original
PES would only result in minor modifications on the trans-
mission coefficients 7;(E), and therefore the quantities derived
based on T;(E). Consequently, the main results regarding the
role of quantum tunneling in the dissociation kinetics of H, on
Cu(001) qualitatively remain unchanged.

4. Conclusion

In summary, the activation and dissociation processes
of Hy molecules on the Cu(001) surface have been studied
based on the first-principles calculations and the transfer ma-
trix (TM) method. It is found that charge transfer from the
substrate Cu atoms to H, plays an essential role in activating
and breaking the H-H bond. Near the critical point of bond
breaking, the adsorption configurations are characterized by
the existence of two stationary states, and an abrupt change of
H-H bond length is expected upon small perturbations to the
translational motions of H,. Using the MEP determined by the
DFT calculations, the probabilities of H, molecules passing
through the dissociation energy pathways are calculated using
the TM method, which explicitly takes into account the effects
of quantum tunneling. The probabilities and rate constants of
dissociation due to the translational and the vibrational mo-
tions are evaluated and distinguished. Both translational and
vibrational motions contribute nontrivially to the dissociation
of H at high temperatures. For the conditions when the Van’t
Hoff—Arrhenius relationship applies, the effective potential for
the dissociation and adsorption of H, on Cu(001) is calculated.
After the effects of quantum tunneling are considered, the bar-
rier height is significantly reduced as compared with that of
the barrier which treats the H; as a classical particle within the
Born—Oppenheimer approximation. In the studies on the sit-
uation of thermal equilibrium and the non-equilibrium molec-
ular beam of Hj, the calculated temperatures for the onset of
measurable dissociation of H, on Cu(001) agree with the ex-
periments. To further demonstrate the role of quantum tunnel-
ing, we have computed the effective barriers of dissociation
for both Hy and D,, which are found to be comparable to the
experimental data. The role of quantum effects is found to
be remarkable in low-temperature region where the crossover
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from the classical to quantum regimes is identified. The results

are expected to be tested by future experiments.
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