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5. Reactive scattering of H2 from Pd(111)

Abstract

Recently, an implementation of the specific reaction parameter (SRP)
approach to density functional theory (DFT) was used to study sev-
eral reactive scattering experiments of H2 on Cu(111). It was possible
to obtain chemical accuracy (1 kcal/mol ≈ 4.2 kJ/mol), and therefore,
accurately model the dissociation of hydrogen on an activated metal
surface. In this work, the SRP-DFT methodology is applied to the dis-
sociation of hydrogen on a Pd(111) surface, in order to test whether
the SRP-DFT approach is also applicable to non-activated systems. In
the calculations, the Born–Oppenheimer and static surface (BOSS) ap-
proximations are used. A comparison to molecular beam sticking ex-
periments on H2/Pd(111) suggested the PBE-vdW-DF functional as a
candidate exchange–correlation functional describing the reactive scat-
tering of H2 on Pd(111), because at high incidence energies simulated
molecular beam reaction probabilities obtained with the quasi-classical
trajectory (QCT) method and using a PBE-vdW-DF potential energy
surface are in good agreement with experimental sticking probabilit-
ies. Unfortunately, quantum dynamics calculations are not able to re-
produce the molecular beam sticking results for low incidence energies.
From a comparison to initial state-resolved (degeneracy averaged) stick-
ing probabilities it seems clear that for H2/Pd(111) dynamic trapping
and steering effects are important, which are not yet well modelled with
the potential energy surfaces (PESs) considered here. Applying the SRP-
DFT method to systems where H2 dissociation is non-activated remains
difficult. It is suggested that a density functional that yields a broader
barrier distribution than PBE-vdW-DF (i.e., non-activated dissociation
at some sites but similarly high barriers at the high energy end of the
spectrum) could allow a more accurate description of the available ex-
periments.

5.1 Introduction

A large number of chemical reactions involve gas–surface interactions.
These interactions are of great importance to the chemical industry,
where heterogeneous catalysis lies at the heart of the synthesis of many
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5.1. Introduction

important compounds.1 One famous example is the Haber–Bosch pro-
cess, which is arguably the most important invention of the twentieth
century.2 This process is the main industrial route to produce ammonia,
which is used in fertilizers. The dissociative chemisorption of hydrogen
on metal surfaces is one of the most fundamental gas–surface reactions.
Heterogeneously catalysed processes typically involve several of such
elementary surface reaction steps.3,4

Unfortunately, it is difficult to accurately model the dissociation
of hydrogen on metal surfaces.5 In order to correctly calculate the re-
action probability of hydrogen dissociation on a metal surface, one
needs to obtain reaction barriers with chemical accuracy (1 kcal/mol ≈
4.2 kJ/mol).6 Currently, the electronic structure method of choice to
study the dissociation of H2 on a metal surface is density functional
theory (DFT),7 with functionals based on the generalized gradient
approximation (GGA). Even these calculations, however, have mean
absolute errors of at best 4 kcal/mol, for gas-phase reaction barrier
heights8,9 (unfortunately, for molecule–surface reactions such system-
atic investigations are currently not available).10 In contrast, high accur-
acy for gas-phase reactions is available from high-level ab initio theory,
and to a lesser extent from DFT with hybrid functionals.8,9 The scaling
of such methods, however, is rather unfavourable, so that in practice
these methods cannot yet be applied to the computation of global
potential energy surfaces (PESs) for molecule–surface reactions. There-
fore, recently an implementation6 of the specific reaction parameter
(SRP) approach to DFT,11,12 adapted to molecule–surface reactions, was
proposed. This allowed a quantitative description of several reactive
scattering experiments of H2 on Cu(111), which is a benchmark system
for activated hydrogen–metal surface reactions.6 It was shown that this
SRP exchange–correlation (XC) functional was also transferable to the
H2/Cu(100) reaction.13

In calculations on H2 dissociation on Cu(111),6 a SRP XC functional
was constructed in the following way,

𝐸SRP
XC = 𝛼𝐸1

XC + (1 − 𝛼)𝐸2
XC. (5.1)

Here, the energy of the SRP XC functional can be written as a linear
combination of 𝐸1

XC and 𝐸2
XC, the energy expression of any two arbitrary
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XC functionals. The essence of the SRP approach to DFT is that an XC
functional is found (possibly through an empirical fit) that yields an ex-
cellent agreement with the sticking probability measured in molecular
beam experiments, with the desired result that also other, more detailed
observables (like diffraction probabilities) are described well. There-
fore, the SRP XC functional need not be a mix of two XC functionals.
The question remains, however, if the approach first tested and found to
work well for activated hydrogen–metal systems (i.e., fitting an XC func-
tional by demanding that dynamics calculations performed with the
Born–Oppenheimer static surface (BOSS) model on a PES obtained from
DFT calculations reproduce molecular beam sticking probability meas-
urements) is also appropriate to model H2 dissociation in non-activated
systems. In this work, the specific reaction parameter methodology will
be applied to the dissociation of hydrogen on a Pd(111) surface, in order
to test whether the SRP approach is applicable to non-activated systems
as well.

Several molecular beam experiments have been performed by the
Rendulic group on the sticking of H2 on Pd(111).14–17 Furthermore,
molecular beam experiments have been performed for this system by
Gostein and Sitz,18 who analysed their results to extract initial state-
resolved reaction probabilities.

Unfortunately, there are large discrepancies between the sticking
probabilities obtained from the different molecular beam studies. In
figure 5.1, the molecular beam sticking probabilities for all the avail-
able experiments are plotted. It can be seen that there is a large spread
in the experimental data of the molecular beam experiments by the
group of Rendulic. From private correspondence,19 it becomes clear
that the latest experiment (exp. Rendulic 200116,17) is probably the most
reliable. This experiment is also in reasonably good agreement with
the rotationally averaged sticking coefficients obtained by Gostein and
Sitz.18

Apart from experimental work on the dissociation of hydrogen on
Pd(111), this system has also been studied theoretically.20–28 The theor-
etical work mainly focused on rotational effects on the dissociation of
hydrogen on Pd(111), and on the role zero-point energy (ZPE) plays in
the classical dynamics of H2 dissociation. Surface temperature effects
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5.1. Introduction
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Figure 5.1 Molecular beam sticking probabilities for all the available exper-
iments. The experiment by Resch et al.14 is labelled exp. Rendulic 1994, the
experiment by Beutl et al.15 is labelled exp. Rendulic 1995, and the experiment
performed by Lesnik16 and Beutl et al.17 is labelled exp. Rendulic 2001. The
experiment by Gostein and Sitz18 is labelled exp. Sitz 1997.

have also been considered.27,28 In these studies it was found that energy
exchange can promote trapping of the H2 near the surface, and thereby
reaction (trapping mediated reaction). There have also been a few stud-
ies which focused on the scattering of H2 from Pd(111),29,30 but in this
work scattering processes will not be discussed. Also other low index
surfaces have been studied intensively. Experimental data is available
for Pd(100)31–34 and Pd(110),35 and theoretical studies have also been
performed on Pd(100)36–40 and Pd(110).35,41–43

This chapter is organized as follows: in section 5.2, the methods
used to obtain the PES and to carry out the dynamics calculations in
this work are presented. The computational details are also discussed
there. The results and discussion can be found in section 5.3, where first
the PESs is discussed in section 5.3.1, after which a candidate for the
specific reaction parameter XC functional is discussed in section 5.3.2.
For this candidate functional, quantum dynamics (QD) calculations
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have been performed, and are compared with results obtained with the
quasi-classical trajectory (QCT) method and experiment. This compar-
ison is done for both molecular beams (section 5.3.2) and initial state-
specific reaction probabilities (section 5.3.3). The main conclusions will
be summarized and presented in section 5.4.

5.2 Methods

5.2.1 Born–Oppenheimer static surface model

In this work the BOSS model has been used. Within this model the
H2–surface system is treated using six molecular degrees of freedom,
by freezing the positions of the surface atoms in their ideal lattice po-
sitions. The coordinate system used to describe the position and ori-
entation of the molecule with respect to the surface can be found in
figure 5.2(a). Here, 𝑋, 𝑌, and 𝑍 are the center of mass coordinates of H2,
𝑟 is the H–H distance, 𝜗 is the polar angle of the molecular axis with
the 𝑍-axis, and 𝜑 is the azimuthal angle. In the BOSS model electron–
hole (e–h) pair excitation and phonons are neglected. Reactive scatter-
ing calculations on H2/Pt(111) using a single PES and neglecting e–h
pair excitation were able to describe the dissociation and diffractive
scattering of hydrogen on Pt(111) accurately.44 Moreover, calculations
on H2/Cu(111),45 Cu(110),46 and Ru(0001)47 modelling e–h pair excita-
tion with friction coefficients showed very small non-adiabatic energy
losses. These results suggest that non-adiabatic effects are not import-
ant when modelling H2–metal surface systems, supporting the validity
of the Born–Oppenheimer approximation for these systems.

The validity of the static surface approximation has been tested by
static surface QCT calculations on the reactive scattering of D2 from
Cu(111) at low surface temperature (𝑇s = 120 K).6,48 These calculations
were in good agreement with ab initio molecular dynamics (AIMD) res-
ults,49 which modelled phonon motion. Also results obtained with the
static corrugation model (SCM) in chapter 3, which excluded energy
exchange with the surface but included the displacement of surface
atoms, were in good agreement with the results above for low surface
temperatures. These studies suggested that, for high surface temper-
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5.2. Methods
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Figure 5.2 (a) Coordinate system for dissociation of H2 on a surface. In the
plot, 𝑋, 𝑌, and 𝑍 are the center of mass coordinates of H2, 𝑟 is the H–H dis-
tance, 𝜗 is the polar angle of the molecular axis with the 𝑍-axis, and 𝜑 is the
azimuthal angle. (b) Schematic representation of the unit cell with the high
symmetry sites on the Pd(111) surface, and of considered H2–surface geomet-
ries.

atures, thermal expansion of the surface can be important, which has
been tested recently.50

5.2.2 Electronic structure method

To construct 6D PESs, plane wave DFT calculations were performed for
H/Pd(111) and H2/Pd(111) with version 5.2.12 of the VASP51–54 soft-
ware package. The surface is modelled by a five layer slab represent-
ation55,56 using a 2 × 2 supercell.57 Each PES has p3m1 symmetry.58

As a consequence, a distinction can be made between second and third
layer hollow sites, called HCP and FCC respectively, which are shown
in figure 5.2(b). PESs have been calculated for four different XC func-
tionals: PBE,59 RPBE,60 PBE-vdW-DF,59,61 and PBE𝛼-vdW-DF.61,62 In
the PBE𝛼-vdW-DF functional, 𝛼 = 0.5 is chosen. In the PBE𝛼 method
𝛼 is defined in such a way that 𝛼 = 1 corresponds to PBE, and 𝛼 =
∞ corresponds to RPBE.62 For PBE-vdW-DF and PBE𝛼-vdW-DF, the

147



chapter
5

5. Reactive scattering of H2 from Pd(111)

PBE correlation is replaced by vdW-DF correlation61 resulting in PBE
and PBE𝛼 exchange and vdW-DF correlation. In VASP the vdW-DF
method uses63 the method of Román-Pérez and Soler.64 The lattice con-
stants have been calculated using a plane wave energy cutoff of 450 eV,
sampling the Brillouin zone by a 20 × 20 × 20 Γ-centered 𝑘-point mesh.
Subsequently, a five layer slab was optimized, with the same energy cut-
off, and with a 20×20×1 Γ-centered 𝑘-point mesh to sample the Brillouin
zone. Each PES is based on more than 6000 single DFT points. These
single points are calculated using a plane wave cut-off of 400 eV, and us-
ing a 9×9×1 Γ-centered 𝑘-point mesh to sample the Brillouin zone. Con-
vergence tests suggested that the error made in the single DFT points,
due to the basis set size and numerical integration, is around 5 meV.
The PBE and RPBE functionals from LibXC65 version 1.2.0 were used.
To describe the core electrons, the projector augmented wave (PAW)
method66,67 has been used for PBE-vdW-DF and PBE𝛼-vdW-DF. For
PBE and RPBE ultrasoft pseudopotentials (USPPs) have been used.68,69

5.2.3 PES interpolation

The 6D PESs were constructed in a way analogous to that described in
section 4.2.2. In total, 29 2D PESs were used in the interpolation pro-
cedure for the molecule–surface PES. The 2D PESs are a function of 𝑍
and 𝑟, and represent the most important configurations of the H2 mo-
lecule interacting with Pd(111). Each 2D PES is based on a cubic spline
interpolation of 196 points (14 in 𝑟 and 14 in 𝑍) which are calculated
with DFT. The positions (𝑋, 𝑌) and orientation (𝜗, 𝜑) of H2 in the 2D
cuts can be found in table 4.1. A very important task is to interpolate
the 2D PESs to obtain an accurate 6D PES. Due to the strong corruga-
tion of the potential near the surface, a direct interpolation can lead to
large errors in the interpolated PES.70 The corrugation reducing proced-
ure (CRP) method,21,71 as discussed in section 2.1.1 has therefore been
used.The required 1D PESs representing the H–surface interaction were
calculated for 10 different sites (table 4.2).
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5.2. Methods

5.2.4 Dynamics methods

QCT calculations for each initial (𝜈, 𝐽) state were performed for 14 nor-
mal incidence energies, spread equidistantly over a normal incidence
energy interval of 25 − 350 meV. The used QCT method has been de-
scribed in section 2.3 of this thesis. Initially, the center of mass of the
hydrogen molecule is placed at a distance of 7 Å from the surface. It
is assumed that dissociation occurs when 𝑟 (the H–H distance) exceeds
2.25 Å. Scattering is assumed to have occurred when the hydrogen mo-
lecule has a momentum away from the surface, and a hydrogen–surface
distance larger than 7 Å is reached. To obtain statistically accurate res-
ults for each point at least 104 trajectories were computed, which are
sampled equally over the possible 𝑚𝐽 states.

The QD calculations have been carried out using a time-dependent
wave packet (TDWP) method72,73 as described in section 2.4. In order to
cover a large range of normal incidence energies (40−600 meV) two cal-
culations are performed with separate energy ranges: 40−200 meV and
150 − 600 meV. This is done to avoid problems which may arise from
the interaction of the optical potential with the low energy components
in the wave packet, if only one broad Gaussian initial wave packet is
used to cover the entire range from 40 − 600 meV.73

5.2.5 Computation of observables

Initial state-resolved reaction probabilities and molecular beam stick-
ing probabilities were computed as discussed in section 2.5. In order
to compare the computed sticking probabilities with molecular beam
experiments from the Rendulic group, the parameters 𝑣0 and 𝛼 (see
also equation (2.39)), characterizing the molecular beam, are needed.
Unfortunately, for the molecular beam experiments on Pd(111)14–17 no
time-of-flight (TOF) spectra were published. Therefore, the parameters
are obtained from experiments with pure beams on H2 scattering from
Cu(111), which were performed by Berger et al. in the group of Rendulic.
The TOF intensities 𝐺(𝑡; 𝑇n) characterizing the H2 beams are presented
in figure 4.4 from the thesis by Berger74 for 𝑇n = 100, 300, 500, 800,
1100, 1400, and 1700 K. This figure was digitized and fitted75 according
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Table 5.1 Parameters used to simulate the molecular beam experiments. The
parameters were obtained by digitizing and fitting figure 4.4 from the thesis
by Berger74 according to equation (5.2). In order to simulate the molecular
beam sticking probabilities (equation (2.38)) these parameters enter the flux
weighted velocity distribution (equation (2.39)).

𝑻n (K) ⟨𝑬𝒊⟩ (eV) 𝒗𝟎 (m/s) 𝜶 (m/s)

100 0.035 1820.7 78.7
300 0.068 2503.9 237.6
500 0.126 3162.2 781.7
800 0.150 3300.1 1007.3

1100 0.240 3691.5 1694.6
1400 0.391 3510.8 2897.2
1700 0.445 3096.6 3411.0

to,

𝐺(𝑡; 𝑇n) = 𝑐1 + 𝑐2 ⋅ 𝑣𝑖
4 exp [− (𝑣𝑖 − 𝑣0

𝛼 )
2
] , (5.2)

where 𝑐1 and 𝑐2 are constants. The parameters obtained from the fits are
presented in table 5.1. Note that reference 6 only presented parameters
for 𝑇n ≥ 1100 K.

5.2.6 Computational details

The relevant input parameters for the QD calculations are listed in
table 5.2. For both energy ranges (40 − 200 meV and 150 − 600 meV)
the same input parameters could be used. For the low energy range
the convergence errors are lower than for the high energy range (errors
of the order of 1% for low incidence energies, and not more than 2%
for the high energy range). A long propagation time is needed, due
to a chemisorption well in front of the barrier. The wave function is
propagated long enough to ensure that the norm of the wave function
which is still on the grid at the end of the calculation is no more than
0.01. The total propagation time ranges from 60 × 103 to 360 × 103 a.u.
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5.2. Methods

Table 5.2 Input parameters for the quantum dynamical calculations of H2
dissociating on Pd(111). For a detailed description of the parameters, see refer-
ence 73. For both energy ranges the same input parameters could be used. The
values are listed for the calculations with 𝐽 even, when the calculations with
𝐽 odd have different parameters they are listed in parentheses. All values are
given in atomic units.

Parameter Description Value

𝑁𝑋 = 𝑁𝑌 no. of grid points in 𝑋 and 𝑌 24
𝑁𝑍 no. of grid points in 𝑍 128
𝑁𝑍(sp) no. of specular grid points 240
Δ𝑍 spacing of 𝑍 grid points 0.135
𝑍min minimum value of 𝑍 -1.0
𝑁𝑟 no. of grid points in 𝑟 32
Δ𝑟 spacing of 𝑟 grid points 0.25
𝑟min minimum value of 𝑟 0.4
jmax maximum 𝐽 value in basis set 18(19)
𝑚jmax

maximum 𝑚𝐽 value in basis set 18(19)
Δ𝑡 time step 2.5
𝑍0 center of initial wave packet 16.64
𝑍∞ location of analysis line 12.5
𝑍opt

start start of optical potential in 𝑍 12.5
𝑍opt

end end of optical potential in 𝑍 16.145
A𝑍 strength optical potential in 𝑍 0.0041
𝑟opt
start start of optical potential in 𝑟 4.4

𝑟opt
end end of optical potential in 𝑟 8.15

A𝑟 strength optical potential in 𝑟 0.005
𝑍(sp)opt

start start of optical potential in 𝑍(sp) 22.22
𝑍(sp)opt

end end of optical potential in 𝑍(sp) 31.265
A𝑍(sp) strength optical potential in 𝑍(sp) 0.0041
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Table 5.3 The lattice constants (in angstrom), and the first and second inter-
layer spacings (in Å) for all four computed PESs. Note that the experimental
value for the lattice constant is obtained at 4.2 K, whereas the calculations as-
sume a surface temperature of 0 K.

Lattice constant 𝒅𝟏−𝟐 𝒅𝟐−𝟑

PBE 3.966 2.289 2.281
PBE-vdW-DF 3.996 2.313 2.304
RPBE 4.007 2.311 2.300
PBE𝛼-vdW-DF 3.968 2.294 2.284

Experiment77 3.872 – –

5.3 Results and discussion

5.3.1 Potential energy surface

In table 5.3, the lattice constants and interlayer spacings, computed
through energy minimization with DFT, can be found for the four dif-
ferent XC functionals investigated. All the computed lattice constants
were converged within 0.003 Å. From the table, it becomes apparent
that the calculations overestimate the lattice constant of palladium.
In general, GGA functionals cannot give both correct accurate atomic
exchange energies, and accurate bond lengths.76 Since for gas-phase
molecules (where GGA functionals are most applied) accurate atomic
exchange energies are more important than the precise bond length,
GGA functionals typically overestimate the lattice constant. Because
the slab relaxations are performed with five layers, the 1st and 4th, and
the 2nd and 3rd interlayer spacings are almost identical to one another.
Note that justifications of the use of symmetrized slabs are given in
reference 50. Test calculations with slabs consisting of up to ten layers
confirmed that the interlayer spacings were well converged (discrep-
ancy at most 0.004 Å).

In figure 5.3, four relevant 2D cuts of the PES are shown for the PBE-
vdW-DF functional. The top and t2f sites can have both an early and a
late barrier, whereas the bridge and FCC sites are early barrier sites. In
table 5.4, the corresponding barriers for dissociation of H2 on Pd(111),
relative to the gas-phase minimum, are given for these configurations
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5.3. Results and discussion

Table 5.4 The energy barriers (in meV) for the dissociation of H2 on Pd(111)
relative to the gas-phase minimum are given for four different PESs. The con-
figurations which are listed here are the top (𝜗 = 90°, 𝜑 = 0°) site, the bridge
(𝜗 = 90°, 𝜑 = 90°) site, the FCC (𝜗 = 90°, 𝜑 = 330°) site, and the t2f (𝜗 = 90°,
𝜑 = 240°) site.

Top (early) (late) Bridge FCC t2f (early) (late)

PBE𝛼-vdW-DF – −34 −18 22 −115 −65
PBE −5 0 83 118 12 −75
PBE-vdW-DF −93 158 116 157 −6 133
RPBE 66 307 276 322 165 227

for the four PESs obtained with the different XC functionals. The first
thing to note is that, as expected, the barrier heights are highly depend-
ent on the choice of XC functional. The variation of the barrier height
with impact site is also heavily dependent on the XC functional. For ex-
ample for PBE the bridge site has a higher barrier than the top site, but
for PBE-vdW-DF the barrier of the bridge site is actually lower than that
of the top site.

The barrier heights and positions for the dissociation of H2 on
Pd(111) can be found in figure 5.4. Here, the top-to-bridge (top 𝜗 = 90°,
𝜑 = 0°) cut of the potential energy is shown and the location of the
barriers for the other configurations used in the construction of the
PES are shown by the closed (early barriers) and open (late barriers)
symbols. The colour of these symbols indicate the barrier height, with
red symbols indicating energetically low barriers, and blue symbols
indicating energetically high barriers. It can be seen from the figure
that there is a correlation between barrier height and barrier position.
The general trend is that late barriers are energetically higher than early
barriers. It should be noted that, especially for PBE, this trend can be
divided into two separate regimes, i.e., 𝑟 < 1 Å, and 𝑟 > 1 Å.

The interpolation of the PESs by the CRP has been tested thoroughly.
QCT calculations were used to sample configurations of the PES which
are dynamically relevant. For each PES, all the intermediate points of
100 trajectories were logged for the seven different nozzle temperat-
ures of the calculated molecular beams (see table 5.1). For 500 points
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Figure 5.3 2D contour plots (in 𝑍 and 𝑟) of the PBE-vdW-DF PES for four
different configurations. The configurations are the (a) top (𝜗 = 90°, 𝜑 = 0°),
(b) bridge (𝜗 = 90°, 𝜑 = 90°), (c) FCC (𝜗 = 90°, 𝜑 = 330°), and (d) t2f (𝜗 = 90°,
𝜑 = 240°) dissociation geometries. The zero of the potential energy is set to
the gas-phase minimum energy, and the contours span the interval [−0.6, 0.6]
eV, with steps of 100 meV.
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5.3. Results and discussion

Figure 5.4 Barrier heights and positions for H2 on Pd(111) for the computed
configurations used in the construction of the PES, together with the top-to-
bridge (top 𝜗 = 90°, 𝜑 = 0°) cut of the PES. Closed symbols denote early
barriers, and open symbols denote late barriers. The zero of the potential en-
ergy is set equal to the gas-phase minimum energy, and the solid line contours
span the interval [−1, 0.35] eV, with steps of 50 meV.
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(which were randomly extracted) per PES, the quality of interpolation
was tested. Those points were binned on their respective 𝑍 value in
order to test the PES for specific regions. Bin 1 has 𝑍 values of 4 to
6.5 Å, which corresponds to the gas-phase. The early barrier region has
𝑍 values between 2 and 4 Å, which are binned in bin 2. All the points,
which have 𝑍 values of less than 2 Å, were additionally binned on their 𝑟
value. Bin 3 has 𝑟 values which are smaller than 1.5 Å, these correspond
to the late barrier region. Finally, bin 4 has the points where 𝑟 > 1.5 Å;
the points in this bin correspond to trajectories which have already re-
acted, and these points are therefore dynamically the least important.
The results, which can be found in table 5.5, show that the root mean
square error (RMSE) is small for the gas-phase and early barrier region
(∼ 1 to 5 meV), and somewhat larger for the late barrier region (roughly
12 − 17 meV). The largest absolute error which can be found for each
PES, however, is on the order of 50 to 100 meV, and can be found in
the late barrier region (bin 3). From this it can be concluded that, al-
though overall the CRP works quite well, for specific cases the error in
the interpolation of the PES can be rather large. The RMSE values re-
ported here are somewhat larger than in previous studies,6,71 because
of the used testing procedure. Here, the sampled points were selected
at random from dynamics calculations, which is more thorough than
previous tests where potential cuts in only one or two dimensions were
considered.

5.3.2 Molecular beam sticking probabilities

The accuracy of the reaction probabilities obtained with classical and
QCT methods for H2/Pd(111) has been studied extensively.21,24,26 It was
found that for this system the QCT method describes dynamic trapping
poorly, because dynamic trapping is quenched due to an unphysical
conversion of vibrational ZPE to rotational energy. The classical traject-
ory (CT) method describes the role of dynamic trapping much better
because no initial ZPE is present. Direct dissociation, however, is not
well described by the CT method. The result is that at low incidence
energies both of the methods are not able to accurately calculate the
reaction probability. For high incidence energies the QCT method is,
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however, in good agreement with QD, because dynamic trapping does
not play a significant role for high incidence energies.24

Therefore, in order to check the performance of XC functionals it is
best to compare reaction probabilities obtained with the QCT method
with experiments for high incidence energies. If a good candidate SRP
functional is found, QD calculations can then be performed for this XC
functional. The results of QD calculations can then be compared with
experimental sticking probabilities over the entire incidence energy re-
gion to assess the quality of the functional.

In figure 5.5, the experimental sticking probability of the latest
(and presumably best) molecular beam experiment from the Rendulic
group16,17 is compared with the simulated molecular beam reaction
probabilities obtained with the QCT method for four different PESs
for the incidence energy region of 125 − 400 meV, for which the QCT
method should work reasonably well. It can be seen that the probab-
ility of hydrogen dissociation on Pd(111) is heavily dependent on the
choice of the XC functional used in the DFT calculation of the PES.
Furthermore, the reaction probability obtained with the PBE-vdW-DF
functional is in reasonable agreement with experiment. Therefore, out
of these functionals, the PBE-vdW-DF XC functional seems the best can-
didate. Hence, QD calculations will be performed for this functional
only.

In order to validate if the candidate functional is indeed able to
describe the molecular beam experiment also for low energies, QD cal-
culations were performed for the PBE-vdW-DF functional. In figure 5.6,
the experimental molecular beam sticking probabilities are presented
from Gostein and Sitz18 (labeled exp. Sitz), and from Lesnik16 and
Beutl et al.17 (labeled exp. Rendulic 2001). The reaction probabilities
obtained with the PBE-vdW-DF functional computed with the QCT
method and with QD can also be found in this figure. Unfortunately,
the molecular beam simulations using QD are not able to reproduce
the non-monotonic behaviour of the experiment. Therefore, assuming
the BOSS model gives correct results, we can disregard the PBE-vdW-
DF functional as a good candidate for the specific reaction parameter
functional for H2/Pd(111). In fact, the QD molecular beam result is not
a significant improvement over the molecular beam results obtained
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Figure 5.5 Reaction probabilities of the simulated molecular beams computed
with the QCT method alongside the experimental molecular beam sticking
probabilities performed by Lesnik16 and Beutl et al.17 (labeled exp. Rendulic
2001) for an incidence energy interval of 125 − 400 meV.

with the QCT method. This suggests that (for the selected functional)
quantum effects, such as ZPE and tunnelling do not play an important
role, and that most of the reaction occurs classically over the energy
barrier. The lack of dynamic trapping could therefore be due to the
PES rather than to the use of the QCT method. It is however important
to note that dynamic trapping can also be enhanced by allowing energy
exchange with surface atoms,27,28 which suggests that, apart from the
functional, also surface temperature effects may need to be taken into
account.

Note that the point at 35 meV (corresponding to 𝑇n = 100 K) is omit-
ted for the PBE-vdW-DF QD results. This was done because there is a
large uncertainty for that point, which arises from the extrapolation of
the state-resolved reaction curves towards low incidence energies. For
Pd(111) it is non-trivial how to extrapolate towards low incidence ener-
gies. For activated systems the reaction curve can be extrapolated to
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Figure 5.6 Reaction probabilities obtained with the PBE-vdW-DF functional
for the simulated molecular beams computed with the QCT method, and with
QD are compared with the most experimental molecular beam sticking prob-
abilities. The experiment by Gostein and Sitz18 is labelled exp. Sitz 1997, and
the experiment performed by Lesnik16 and Beutl et al.17 is labelled exp. Ren-
dulic 2001.

zero, but for this non-activated system it is not clear how to extrapol-
ate towards low incidence energies. Tests with several extrapolation
schemes indicated that the resulting uncertainty in the reaction probab-
ility in the point at 35 meV can be as large as 30%. Fortunately, for all
other calculated points this extrapolation towards low incidence ener-
gies does not significantly change the reaction probability (changes are
in the order of 0.001).

5.3.3 Initial state-resolved reaction probabilities

The discrepancy between the molecular beam experiment and the sim-
ulated molecular beam with QD can have multiple causes: (i) effects of
surface motion are not modelled, because of the static surface approx-
imation in the BOSS method;10 (ii) incorrect assumptions about the dis-
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5.3. Results and discussion

tribution of energies in the molecular beam can introduce errors; and
(iii) errors in the anisotropy and corrugation of the PES. In this work,
it is not studied whether surface motion plays an important role in the
dissociation of H2 on Pd(111), which may be important for properly de-
scribing trapping of molecules, and trapping mediated reaction.27,28 In
order to clarify the latter two points the initial state-resolved (degen-
eracy averaged) reaction probabilities obtained with the QCT method
using four different PESs, and reaction probabilities obtained with QD
for PBE-vdW-DF will be compared with the state-resolved experiment
by Gostein and Sitz.18

In figure 5.7, initial state-resolved (degeneracy averaged) reaction
probabilities can be found for the (𝜈 = 0, 𝐽 = 0) and (𝜈 = 0, 𝐽 = 1)
states. Again, as expected, the state-resolved reaction probabilities are
very dependent on the choice of XC functional. The PBE-vdW-DF func-
tional clearly underestimates the initial state-resolved reaction probab-
ilities for the (𝜈 = 0, 𝐽 = 0) and (𝜈 = 0, 𝐽 = 1) states. There is a good
agreement between the state-resolved reaction probabilities obtained
with the QCT method and those obtained with QD for the PBE-vdW-
DF functional, especially for the (𝜈 = 0, 𝐽 = 1) state. This confirms the
previous conclusion that quantum effects do not play an important role
in the reaction probability for this functional. The discrepancy observed
for low incidence energies between the simulated molecular beams and
the molecular beam experiments are probably not only caused by er-
rors in the distribution of energies in the molecular beam, because also
for the initial state-resolved reaction probabilities there is a discrepancy
between experiment and the calculations. Furthermore, for low trans-
lational energies the width of the translational energy distribution in
experiments tends to be narrow.

Surprisingly, for the (𝜈 = 0, 𝐽 = 0) state, there is an excellent agree-
ment between the calculated reaction probability obtained for the PBE𝛼-
vdW-DF functional and the state-resolved experiment by Gostein and
Sitz.18 For the reaction probability of the (𝜈 = 0, 𝐽 = 1) state, however,
this good agreement is not reproduced, as can be seen on the right panel
of figure 5.7. Here, PBE𝛼-vdW-DF clearly overestimates the reaction
probability for dissociation of hydrogen on Pd(111).

In order to elucidate the origin of the discrepancy between calcu-
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Figure 5.7 Rotational state-resolved reaction probabilities of the dissociation
of hydrogen on a Pd(111) surface. On the left (𝜈 = 0, 𝐽 = 0), and on the right
(𝜈 = 0, 𝐽 = 1). The experiment18 was performed with a surface temperature
of 423 K. If not mentioned otherwise the calculated results are obtained with
the QCT method. The quantum results have been smoothed by a weighted
Gaussian with a width of 0.5 meV.

lated reaction probabilities and experiment, the reaction probability of
H2 dissociating on a Pd(111) surface has been plotted versus the initial
rotational state (𝐽) for an incidence energy of 94 meV. This is shown in
figure 5.8. For all functionals the reaction probability increases with 𝐽
up to 𝐽 = 2 for the calculations performed with the QCT method. Then,
for all functionals except RPBE, the reaction probability decreases with
increasing 𝐽 and stabilizes. Experimentally, however, a sharp decrease
in reaction probability is observed between 𝐽 = 0 and 𝐽 = 1.18 After that,
the reaction probability increases a little and stabilizes. The QD calcu-
lations show a small improvement over the QCT calculations, but they
are also not able to reproduce the experimental trend in the depend-
ence of the reaction probability on 𝐽. The calculations cannot reproduce
the decrease in reaction probability with increasing rotational quantum
number (𝐽), as is experimentally found.

5.3.4 Comparison to experiment and outlook

The discrepancies noted between the experiments and the theoretical
calculations on H2/Pd(111) can be due to several reasons, i.e., (i) errors
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Figure 5.8 Dissociative reaction probability as a function of initial quantum
number 𝐽 for an incidence energy of 94 meV. If not mentioned otherwise the
calculated results are obtained with the QCT method. The state-resolved ex-
periments were performed by Gostein and Sitz.18

in the experiments; (ii) errors in the simulation of the experiments due
to assuming wrong translational energy distributions or nozzle temper-
atures; (iii) errors in the PES used; and (iv) errors in the dynamical
model used. These error sources will now be discussed one by one, end-
ing with a brief outlook on how progress may be achieved with model-
ling the reactive scattering of H2 from Pd(111) in future work.

As noted already in the introduction rather diverse sets of measure-
ments have been published on sticking of H2 on Pd(111). The latest set
of measurements from the Rendulic group16,17 and the measurements
by Gostein and Sitz18 are in reasonable agreement with one another,
but they still differ from one another at the higher incidence energies
probed by Gostein and Sitz (see figure 5.1). Also, for neither set of
measurements the beam conditions have been published, while accur-
ate calculations on H2/Cu(111)6 show that the knowledge of the nozzle
temperature and the parameters characterising the translational energy
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distribution of H2 beams is essential for accurately simulating reactive
scattering of H2 from metal surfaces. The absence of these data (the as-
sumption had to be made that the beam parameters for H2/Pd(111) were
the same as those used in other experiments of the Rendulic group on
H2/Cu(111)) makes it harder to describe the experiments on these sys-
tems accurately. The result that the sticking probability first decreases
and then increases with incidence energy is, however, not in doubt, as
it is observed in all the measurements shown in figure 5.1. We also note
that knowledge of the translational energy distributions is less critical to
simulating sticking measurements for low average incidence energies,
as the translational energy distributions are typically rather narrow for
low incidence energies (nozzle temperatures).

Errors in the PES can be due to errors in the interpolation of the DFT
data and to the density functional yielding an inaccurate description
of the molecule–surface interaction. Due to the accuracy of the CRP
method used to interpolate the PES for H2/Pd(111) (see section 5.3.1)
and other H2 + metal surface systems (see for instance references 6 and
44) it can be safely assumed that if errors in the PES are to blame for the
discrepancy with experiment, then they are most likely due to the use
of an inaccurate density functional. This point will now be discussed in
more detail.

The discrepancies of the dynamics results based on the PBE-vdW-
DF candidate SRP density functional with the measured sticking prob-
abilities and initial state-resolved reaction probabilities can be summar-
ized as follows. (i) Although the computed sticking probabilities are
in reasonable agreement with the experiments of Lesnik16 and Beutl
et al.17 for incidence energies ≥ 125 meV, the computed reaction prob-
ability curve does not show the upturn occurring at low energies with
decreasing incidence energy, as manifest in both the experiments of
Lesnik16 and Beutl et al.17 and those by Gostein and Sitz.18 (ii) The
computed initial state-resolved reaction probabilities do not show the
decrease occurring in the experimental results going from non-rotating
H2 (𝐽 = 0) to rotating H2 (𝐽 = 1 − 5). Both experimental observa-
tions are manifestations of a reaction mechanism whereby the mo-
lecule reacts without barrier either through “steering”36,37 or “dynamic
trapping”.25,26 Molecules with a low incidence energy are more easily
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5.3. Results and discussion

trapped at the surface through energy transfer from translation to rota-
tion,25 and have more time to be steered to sites or orientations for which
reaction is barrierless.36 Likewise, non-rotating molecules are more eas-
ily steered to an orientation for which reaction is barrierless,37 and
they are more easily dynamically trapped.26 Both discrepancies with
experiment therefore point to one and the same defect in the theoretical
treatment: the correct functional should show barrierless dissociation
for at least some impact sites and orientations. The problem with the
candidate PBE-vdW-DF SRP density functional is that it does not show
barrierless dissociation for any of the high symmetry sites investigated.
The fact that it performs well for high incidence energies suggests that a
functional is needed with a broader distribution of barrier heights over
the impact sites, with the distribution of barrier heights skewed more to
lower energies than obtained for the PBE-vdW-DF density functional.

Finally, the discrepancies between theory and experiment can in
principle also de due to the dynamical model (the BOSS model) being
inadequate to describe the experiments on H2/Pd(111) here discussed.
For reasons discussed in section 5.2.1, it is it unlikely that the Born–
Oppenheimer approximation is responsible for the large deviations
between experiment and theory. The presence of phonons in the dy-
namical model might facilitate trapping, but for this to facilitate reaction
at low incidence energies a PES which shows barrierless dissociation for
at least some impact sites and orientations would still be needed. In pre-
vious calculations on this system, energy exchange was found to alter
the probability for trapping.27,28 The PES used in these studies how-
ever already showed barrierless dissociation if energy exchange was
not taken into account. For these reasons, the dynamical model is not
the first place to look for improvements of the theoretical description of
the reactive scattering experiments on H2/Pd(111) discussed here, but
the possibility that phonons are needed for an accurate description of
these experiments cannot be excluded.

It is therefore suggested that future theoretical calculations on
H2/Pd(111) first investigate the performance of candidate SRP dens-
ity functionals which have a broader distribution of barrier heights for
this system, so that they show barrierless dissociation for at least some
impact sites and orientations, while showing similar barrier heights
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at the high energy end of the spectrum. The availability of new well-
characterised molecular beam sticking experiments on H2/Pd(111) (or
detailed information on the beam parameters used in the experiments
of Lesnik et al. and of Gostein and Sitz) would also facilitate the de-
velopment of an accurate theoretical description of this system. The
availability of new and well-characterised molecular beam sticking
experiments on H2/Pd(100) would also be useful, as associative de-
sorption experiments are also available for this system,34,78 and an
SRP density functional developed for H2 interacting with the Pd(100)
surface is likely to be accurate for H2/Pd(111) as well.13

5.4 Summary and conclusions

Potential energy surfaces have been calculated for H2/Pd(111) for four
different XC functionals. The barrier heights are highly dependent on
the choice of XC functional. Moreover, the way in which the barrier
height varies with the impact site is also dependent on the choice of XC
functional. It is found that there is a correlation between the barrier
height and barrier position, where the general trend is that late barriers
are energetically higher than early barriers. With the CRP method used
to interpolate the DFT results, the RMSE of the interpolation of the PESs
is small for the gas-phase and early barrier region (∼ 1 to 5 meV), and
somewhat larger for the late barrier region (roughly 12 to 17 meV).

A candidate SRP density functional was obtained by comparing sim-
ulated molecular beam reaction probabilities obtained with the QCT
method with experimental sticking probabilities for high incidence en-
ergy (above 125 meV). The reaction probability is, as expected, heavily
dependent on the choice of XC functional. The PBE-vdW-DF functional
was proposed as a candidate XC functional describing the reactive scat-
tering of H2 on Pd(111), because at high incidence energies simulated
molecular beam reaction probabilities obtained with the QCT method
were in reasonable agreement with experimental sticking probabilities.
In order to check the validity of the candidate functional, QD calcula-
tions were performed for the PBE-vdW-DF functional. The simulated
molecular beam results obtained with QD, however, were not in good
agreement with experimental sticking probabilities at low incidence en-

166



ch
ap

te
r

5
To

w
ar

ds
a

sp
ec

ifi
c

re
ac

tio
n

pa
ra

m
et

er
de

ns
ity

fu
nc

-
tio

na
lf

or
re

ac
tiv

e
sc

at
te

rin
g

of
H

2
fr

om
Pd

(1
11

)

References

ergies. Therefore, the candidate (PBE-vdW-DF) XC functional is disreg-
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Among the possible origins of the discrepancies between the theor-
etical PBE-vdW-DF results and the experimental results for H2/Pd(111),
the most likely cause is that the functional used does not yield barrier-
less dissociation for at least some impact sites and orientations, so that
the upturn of the reaction probability curve at low incidence energy is
not recovered. It is therefore suggested that the use of a density func-
tional yielding a broader barrier height distribution (and barrierless dis-
sociation for at least some impact sites and orientations) is explored first
to achieve a more accurate theoretical description of H2 on Pd(111). For
this, the availability of new well-characterised molecular beam sticking
experiments on H2/Pd(111) or Pd(100) (or detailed information on the
beam parameters used in the experiments of Lesnik and of Gostein and
Sitz on H2/Pd(111)) would also be helpful. Additionally surface tem-
perature effects should be taken into account, as this may provide an
increased probability for trapping.27,28
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