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Abstract
We investigate the ability of mixed, parameterized density functionals com-

bining exchange at the generalized gradient approximation (GGA) level with
either GGA or non-local correlation to reproduce barrier heights for dissociative
chemisorption on metal surfaces. For this, seven expressions of such mixed
density functionals are tested on a database consisting of results for 16 systems
taken from a recently published slightly larger database called SBH17. Three
expressions are derived that exhibit high tunability and use correlation func-
tionals that are either of the GGA form or of two limiting non-local forms also
describing the attractive van der Waals interaction in an approximate way. We
also find that, for mixed density functionals incorporating GGA correlation, the
optimum fraction of repulsive GGA exchange obtained with a specific GGA
density functional is correlated with the charge-transfer parameter, which is
equal to the difference of the work function of the metal surface and the electron
affinity of the molecule.
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5.1 Introduction

Transition states formed by the barriers to dissociative chemisorption (DC) can
exert a high degree of rate control over the rates of heterogeneously catalyzed
reactions proceeding over metal surfaces1,2, such as ammonia production3,4 and
steam reforming5. It is therefore important to describe such barriers accurately.
As discussed in several recent papers6,7 (see also Chapter 3), it is not yet
possible to use non-empirical present-day electronic structure theory to compute
barriers for DC on metal surfaces with guaranteed chemical accuracy (errors ≤ 1
kcal/mol), although the development of an approach based on diffusion Monte-
Carlo certainly holds promise in this respect8. Instead, success with achieving a
chemically accurate description of DC on metals has so far been based on a semi-
empirical approach6,9. Here, the specific reaction parameter (SRP) approach to
density functional theory (DFT) is used to compute a potential energy surface
(PES)9–15 or to construct forces used in direct dynamics calculations16–19, and an
empirical parameter in the functional used is tuned to achieve agreement between
calculated and measured DC or "sticking" probabilities, as now documented
extensively elsewhere6.

While the SRP-DFT approach has already been highly successful, it is also
important to recognize that there have been some inadequacies in the approach
used so far. An important shortcoming has been that the approach to picking an
expression for the SRP functional has been rather ad hoc9–19. Approaches used
so far have been (i) to take a weighted average of two exchange correlation (XC)
functionals within the generalized gradient approximation (GGA)9,10, (ii) to
take a weighted average of two exchange (X) functionals within the GGA and to
combine the resulting X functional with a GGA correlation (C) functional20, (iii)
as in (ii), but use a non-local C functional13,14,18,19 also approximately describing
the attractive van der Waals interaction21,22 (see also Chapter 2), (iv) to take
a GGA exchange functional that was designed to be tunable23 and to combine
it with non-local van der Waals correlation11,12, and (v) to use meta-GGA
functionals either with semi-local correlation24 or in combination with non-local
correlation15.

The time is now ripe to address some basis issues in SRP functional construc-
tion, such as (i) can we use a generic expression of the density functional (DF)
in such a way that the DF will usually work, and (ii) might it be possible to pick
the expression in such a way that the tuning parameter (the "specific reaction
parameter") can be made to correlate with a specific property of the system.
Two recent and closely related developments ensure that the time is now right.
The first is that a new database of dissociative chemisorption barrier heights has
recently become available, which has been called the SBH17 database7 (see also
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Chapter 3). The database holds reference values of barrier heights to DC for 17
systems, in which H2, N2, or CH4 dissociates over a metal surface. For 14 of these
systems the barrier height was determined using SRP-DFT, while for 3 systems
a more ad-hoc semi-empirical procedure was used to extract a barrier height
from a comparison between theory and experiment7 (see also Chapter 3). In a
second development25 it has become clear that the SRP-DFT approach based
on GGA exchange functionals has its limits. So far this approach has only been
successful for systems in which the charge transfer parameter ∆ECT=WF-EA
> 7 eV25. Here WF is the work function of the metal and EA is the electron
affinity of the molecule. The SBH17 database therefore mostly contains systems
for which this condition has been obeyed, which is the case for 16 out of the
17 systems7. For systems with ∆ECT < 7 eV the use of even one of the most
repulsive GGA X DFs, i.e., RPBE26, typically leads to underestimated barrier
heights25.

Here we test several mixed DF expressions to see if we can derive one that
works for all or most systems in the recently published database7 we use here.
We also test the suggestion implicit in Ref.25 that the fraction of RPBE exchange
needed in a mixed functional correlates with the value of the charge transfer
parameter ∆ECT described above. Our Chapter is set up as follows: In Section
5.2, the Method Section, we give a short description of the database we use,
which is essentially our previously published database with one system removed
from it, in Section 5.2.1. Section 5.2.2 describes the DFs tested and Section 5.2.3
gives computational details. Section 5.3 presents our results, and conclusions
are drawn in Section 5.4.

5.2 Methods

5.2.1 The SBH16 database

The DFs described in Section 5.2.2 have been tested on what we here call the
SBH16 database, which is the recently described SBH17 database7 (see also
Chapter 3) with the H2 + Pt(211) system removed from it. The reason that we
left out the H2 + Pt(211) system described here is that the results for this system
are not that different from those for the H2 + Pt(111) system also contained in
the SBH17 system, so that not so much is to be gained by adding results for the
H2 + Pt(211) system to the results here presented. The SBH17 database holds
results for 8 H2 + metal surface systems (SBH16 for 7 such systems), 2 N2 +
metal surface systems, and 7 CH4 + metal systems. The reference values of the
barrier heights for these systems and the most important geometrical parameters
determining the barrier geometry of the molecule relative to the surface are all
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presented in table 2 of Ref.7 (see also table 3.2 of Chapter 3). Chapter 3 also
provides the references to the papers in which fuller descriptions of the barrier
geometries and of how they were derived may be obtained.

A few details regarding the SBH17 database are important to this Chapter.
One is that the barrier heights and geometries are in principle defined best for
the 14 out of the 17 systems (13 in SBH16), for which the reference values were
obtained with SRP-DFT. Results for three systems (CH4 + Ni(100), CH4 +
Ru(0001), and N2 + Ru(101̄0)) were obtained with more ad hoc semi-empirical
procedures, as discussed in detail in Chapter 3. The result that, of the three
systems for which on average the largest errors were found with the density
functionals tested, two systems were among the systems for which more ad hoc
semi-empirical procedures were used (i.e., CH4 + Ru(0001), and N2 + Ru(101̄0))
is consistent with the lower accuracy anticipated for the ad hoc procedure (the
third system for which the DFs tested were least accurate on average was H2 +
Ag(111)). Finally, a useful number characterizing the SBH16 database is the
average value of the absolute values of the barrier heights contained in it, which
is 0.687 eV (15.9 kcal/mol).

5.2.2 Mixed density functional expressions

The XC part of DFs used as SRP-DFs have typically been taken as mixtures
of the X and C components of standard XC DFs. This has the advantage that
constraints enforced in constraint-based X and C DFs can also be enforced in
SRP-DFs27. Based on previous experience, we test the following expressions for
the exchange-correlation part of the mixed DFs:

ESRPx
XC = xERPBE

X + (1− x)EPBE
X + EPBE

C (5.1)

ESRPsolx
XC = xERPBE

X + (1− x)EPBEsol
X + EPBE

C (5.2)

ESRPx−vdW1
XC = xERPBE

X + (1− x)EPBE
X + EvdW−DF1

C (5.3)

ESRPx−vdW2
XC = xERPBE

X + (1− x)EPBE
X + EvdW−DF2

C (5.4)

ESRPsolx−vdW2
XC = xERPBE

X + (1− x)EPBEsol
X + EvdW−DF2

C (5.5)

and

ESRPx−vdW1−ext
XC = ESRPx−vdW1

XC , if x ≥ 0. (5.6a)

ESRPx−vdW1−ext
XC = EPBEα

X + EvdW−DF1
C , if x = (−1 + α) < 0. (5.6b)



5
C

hapter

178 Constructing mixed density functionals for ...

and

ESRPx−vdW2−ext
XC = ESRPx−vdW2

XC , if x ≥ 0. (5.7a)

ESRPx−vdW2−ext
XC = EPBEα

X + EvdW−DF2
C , if x = (−1 + α) < 0. (5.7b)

The ESRPx
XC DF of Eq.5.1 has been used to arrive at a reparameterized

SRP DF for H2 + Cu(111)20, the original version being a weighted average of
the RPBE26 and PW9128 DFs9. In the limit x = 0 the DF defined by Eq.5.1
corresponds to the PBE29 DF, and in the limit x = 1 it corresponds to the RPBE
DF (which has the PBE C DF as the correlation part of its exchange-correlation
functional26). The PBE DF may be seen as a faster and easier-to-evaluate
version of PW9129. Choosing Eq.5.1 in attempts to derive an SRP DF for a
DC-on-metal-surface system is in accordance with conventional wisdom that
PBE often under-predicts and RPBE often over-predicts the barrier height for
DC on a metal surface6.

A drawback of using Eq.5.1 is that with PBE the barrier height for DC on a
metal surface may also be overestimated in specific cases, even though this DF
has a negative mean signed error (MSE) of -58 meV for the SBH17 database7.
For this database, overestimated (though often not by much) barrier heights
were observed for a few weakly activated or non-activated H2-metal systems (H2

+ Pt(111), Pt(211), and Ru(0001)), for H2 + Ag(111), and for a few CH4 +
metal surface systems (CH4 + Ni(100), Pt(211), and Ru(0001)). To avoid this
we replaced the X DF of PBE by the X DF of PBEsol30, which tends to yield
lower barriers, this way obtaining the ESRPxsol

XC mixed DF of Eq.5.2. It should
be noted that for x = 0 ESRPxsol

XC does not equal the PBEsol functional, which
employs the same expression for the C functional as PBE but uses a different
value of a coefficient in it to balance the C part of PBEsol against its X part30.
However, as we will show the use of ESRPxsol

XC comes with the advantage that
where necessary it yields lower barrier heights for DC on metals than ESRPx

XC ,
and thus ESRPxsol

XC is more tunable than ESRPx
XC . Below, we will call the x = 0

limit of ESRPxsol
XC PBEsolc, to distinguish it from PBEsol.

A drawback of both Eqs.5.1 and 5.2 is that the attractive van der Waals
interaction between molecule and surface is not described with a GGA correlation
functional, even though this may be necessary for weakly activated DC of H2 on
metals (where the barrier is usually at a fairly large molecule-surface distance so
that a proper description of the van der Waals interaction may be important
in spite of its weakness11,12) or for CH4 dissociating on a metal surface18,19.
For this reason we also test the DFs of the forms ESRPx−vdW1

XC of Eq.5.3 and
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ESRPx−vdW2
XC of Eq.5.4, which contain the vdW-DF1 C functional21 and the

vdW-DF2 C functional22, respectively. The ESRPx−vdW1
XC functional has been

used successfully to describe supersonic molecular beam experiments on CH4 +
Ni(111)18, Pt(111)19, and Pt(211)19 and on H2 + Ru(0001)13. The ESRPx−vdW2

XC
functional has been used successfully to describe H2 + Ru(0001)13 and Ni(111)14

(see also Chapter 2).
The DFs described by Eqs. 5.3 and 5.4 may have a similar problem as the

DF described by Eq.5.1, i.e., that the barrier height is already overestimated
with x = 0, including PBE exchange only. For instance, the SRP-DF found
for H2 + Pt(111)11 and Pt(211)12 is given by EPBEα=0.57,vdW2

XC = EPBEα=0.57
X +

EvdW−DF2
C , where EPBEα=0.57

X is the inherently tunable PBEα X DF23, with α
= 0.57. As discussed by the developer of the PBEα X functional23, PBEα=1
corresponds to the PBE functional, while PBEα=0.52 is very similar to the X
part of the WC functional31, which like PBEsol30 was developed with a view
to a better description of the solid state. The ESRPx−vdW2

XC with x = 0 (only
PBE exchange) overestimates the barrier height for almost all systems in the
SBH17 database. For this reason we have also tested the DF ESRPxsol−vdW2

XC
of Eq.5.5, which for x = 0 consists of PBEsol exchange and the vdW-DF2
correlation functional. In this limit this DF is expected to yield low barriers like
EPBEα=0.57,vdW2

XC .
To increase the tunability of a mixed DF expression like given by Eqs.5.1, 5.3,

and 5.4, PBE exchange can be replaced by PBEsol exchange, as done in Eq.5.2
to obtain a better tunable DF than the DF of Eq.5.1, and in Eq.5.5 to obtain
a better tunable DF than the DF of Eq.5.4. An alternative already implicitly
used in the construction of SRP-DFs is to replace PBE exchange by PBEα
exchange with α<1, as done to obtain ESRPx−vdW1−ext

XC of Eq.5.6 (which should
be more tunable than ESRPx−vdW1

XC of Eq.5.3) and to obtain ESRPx−vdW2−ext
XC

of Eq.5.7 (which should be more tunable than ESRPx−vdW2
XC of Eq.5.4). We have

not made use of the possibility of the PBEα functional to interpolate between
PBE and RPBE exchange, as the PBEα X functional corresponds to the RPBE
X functional only in the limit α →∞, which is a rather awkward limit to work
with, and less preferred to a situation where switching from PBE to RPBE
exchange can be performed by switching a parameter continuously from 0 to 1,
as can be done in Eqs. 5.1, 5.3, and 5.4.

The DFs of Eqs. 5.1-5.5, 5.6a, and 5.7a have been evaluated for x = 0, n∆x
with n=1-9, and, and 1.0, modifying x by steps ∆x equal to 0.1. The DFs of
Eqs.5.6b and 5.7b have been evaluated for α=0.57 (x = -0.43), α=0.70 (x =
-0.30), and α=0.85 (x = -0.15). For each system the best value of x was defined
for the DFs given by Eqs.5.1-5.7 as described in more detail below. If for the
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resulting x we have 0.0 ≤x ≤ 1.0 for a DF defined by one of the Eqs.5.1-5.5 the
interpolation was successful and the DF expression can be used for the system
considered. Similarly, if for the resulting x we have -0.43 ≤ x ≤ 1.0 for a DF
defined by one of the Eqs.5.6-5.7 the interpolation was successful and the DF
expression can be used for the system considered. Otherwise, extrapolation was
used, and the corresponding generic DF was found not to be able to describe
the system successfully.

5.2.3 Computational details

The minimum barrier height is computed as

Eb = ETS − Easym. (5.8)

In Eq.5.8 ETS is the energy of the system (molecule + surface) at the
minimum barrier geometry, while Easym is the energy of the system with the
molecule in its equilibrium geometry at a distance from the surface such that
molecule and surface no longer interact. In the so-called medium algorithm that
we use, which is defined and explained in detail in Chapter 3, the surface is set
up following DFT geometry optimizations of the bulk lattice (to determine the
bulk lattice constant(s) with the DF used) and of the metal slab representing
the surface (to determine interlayer spacings in the metal surface slab exposed to
vacuum according to the DF used). The geometry of the molecule relative to the
surface is taken from earlier SRP-DFT calculations as described in Chapter 3
(see also table 3.2 of that Chapter). In the asymptotic geometry the equilibrium
distance of the molecule is likewise computed with the DF tested7. A crucial
point is that the surface is not allowed to relax with respect to the incoming
molecule in the calculation of ETS . A minor difference with Chapter 3 is that in
the present work the geometry optimization of the bulk representing the surface
was done using the geometry optimization method implemented in VASP. In the
earlier calculations of Chapter 3, a parabola was fitted to the energy of the
bulk as a function of the lattice constant, and minimization used to establish the
bulk lattice constant. The new approach led to small differences in the values of
the barrier heights (of 10 meV or less) with respect to the early results when
available for the particular DF tested.

All DFT calculations were performed with a user-modified version of the
Vienna ab initio simulation package32–35 (VASP5.4.4). We also used the Atomic
Simulation Environment (ASE)36,37 as a convenient interface package. All
calculations using the vdW-DF1 or vdW-DF2 C functionals were done with the
algorithm of Román-Pérez and Soler38 to speed up their evaluation. All other
details regarding the calculations (concerning the pseudo-potentials used, the
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handling of spin-polarization in systems containing Ni, the number of metal
layers in the slab representing the surface, the size of the surface unit cell, etc.)
are the same as in Chapter 3, to which we refer for these details.

5.3 Results and discussion.

5.3.1 Equilibrium lattice constants computed with mixed den-
sity functionals

Equilibrium lattice constants computed with the mixed density functional ex-
pressions not incorporating the van der Waals interaction are shown in Table
5.A.1 of the Appendix, stepping through x in SRPx and SRPx sol in steps of
0.1 (results for the other mixed DFs not shown). Comparing with zero-point
energy corrected experimental values we obtain the usual result that the PBE DF
somewhat underestimates and that RPBE overestimates lattice constants39,40.
The PBEsolc DF (we recall that PBEsolc is the name we use for the DF with
PBEsol exchange and PBE correlation) tends to somewhat underestimate the
lattice constant. The PBEsol DF would be expected to do rather well for the
lattice constant40 and we suspect that PBEsolc somewhat underperforms as
using PBE correlation with PBEsol exchange should lead to a somewhat unbal-
anced functional30. One might of course vary x in the SRPx sol DF to obtain
the correct lattice constant, but this is not likely to lead to the correct barrier
height as GGA DFs yielding good molecule-surface interaction energies tend to
overestimate metal lattice constants30,41.

5.3.2 Performance of limiting forms of the mixed density func-
tionals

To get an impression of how the mixed density functional expressions will perform
as generic expressions for fitting SRP functionals, it is a good idea to look at
how their limiting forms perform and compare. For this we first consider the
limiting forms of the mixed expressions not using van der Waals correlation
functionals, i.e., SRPx (Eq.5.1) and SRPx sol (Eq.5.2), which are PBE and
RPBE, and PBEsolc (we recall that this is the name we use for the DF with
PBEsol exchange and PBE correlation) and RPBE. Figure 5.1 shows that for
each system in the SBH16 database the barrier height obtained with PBE is
lower than that obtained with RPBE, which correlates well with the finding
that PBE often underestimates while RPBE often overestimates barrier heights6.
Also, for each system in the SBH16 database the barrier height obtained with
PBEsolc is lower than that obtained with PBE, suggesting that for the purpose of
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fitting barrier heights the SRPx sol expression will be tunable over a wider range
than the SRPx expression. The barrier heights computed with the PBEsolc,
PBE, and RPBE functionals may also be found in Table 5.A.2 of the Appendix.
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Figure 5.1: The barrier heights Eb computed with the PBEsolc, the PBE, and the
RPBE DFs are shown as a function of the charge transfer parameter for the 16 systems

present in the SBH16 database.

Barrier heights obtained for each system in the SBH16 database with the
limiting forms of the SRPx (Eq.5.1), SRPxvdW1 (Eq.5.3), and SRPx -vdW2
(Eq.5.4) expressions are shown in Fig.5.2 for PBE, PBE-vdW1 and PBE-vdW2,
and in Fig.5.3 for RPBE, RPBE-vdW1, and RPBE-vdW2. Whether PBE or
PBE-vdW1 yields the lowest barrier height is seen to depend on the value of
∆ECT : for ∆ECT ≤ 8.055 eV, PBE yields the lowest barrier height, while for
∆ECT ≥ 8.395 eV , PBE-vdW1 yields the lowest barrier height. While this
might look odd, one should remember that the correlation part of the vdW-DF1
functional is not just a van der Waals term that is added to an energy expression
excluding the attractive dispersion interaction (e.g., the PBE energy). Rather,
the vdW-DF1 correlation functional is a different correlation functional than the
PBE correlation functional. There is thus no a priori reason that the PBE-vdW1
energy should always be lower than the PBE energy, or vice versa. Furthermore,
the barrier obtained with PBE-vdW2 is almost always higher than that obtained
with both PBE-vdW1 and PBE (only for H2 + Ru(0001) is the barrier higher
for PBE-vdW1 than for PBE-vdW2). The findings for RPBE, RPBE-vdW1,
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and RPBE-vdW2 (Fig.5.3) are analogous to those for PBE, PBE-vdW1, and
PBE-vdW2 (Fig.5.2). The barrier heights computed with the PBE, PBE-vdW1,
PBE-vdW2 and RPBE functionals may be found in Table 5.A.2 of the Appendix,
and the barrier heights computed with the RPBE-vdW1 and RPBE-vdW2
functionals may be found in Table 5.A.3 of the Appendix.
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Figure 5.2: The barrier heights Eb computed with the PBE, the PBE-vdW1, and the
PBE-vdW2 DFs are shown as a function of the charge transfer parameter for the 16

systems present in the SBH16 database.

Barrier heights obtained for each system in the SBH16 database with the
lower-limit-forms of the SRPx sol (Eq.5.2) and SRPx sol-vdW2 (Eq.5.5) expres-
sions are shown in Fig.5.4 for PBEsolc and PBEsol-vdW2. As can be seen the
barriers obtained with PBEsolc-vdW2 are always higher than those obtained
with PBEsolc, suggesting that the SRPx sol-vdW2 DF may be slightly less tun-
able than the SRPx sol DF, which yields very low barriers. The barrier heights
computed with the PBEsolc functional may be found in Table 5.A.2 of the
Appendix, and the barrier heights computed with the PBEsol-vdW2 functional
may be found in Table 5.A.3 of the Appendix.

Finally, barrier heights obtained with the PBEα-vdW1 and PBEα-vdW2 DFs
are compared in Fig.5.A.1 of the Appendix for α = 0.57, which is the lowest value
of α used here. Figure 5.A.1 shows that the PBEα-vdW1 DF consistently yields
lower barrier heights than the PBEα-vdW2 DF with α = 0.57. This suggests
that the PBEα-vdW1 DF is a better tunable mixed DF than the PBEα-vdW2
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Figure 5.3: The barrier heights Eb computed with the RPBE, the RPBE-vdW1, and
the RPBE-vdW2 DFs are shown as a function of the charge transfer parameter for the

16 systems present in the SBH16 database.
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DFs are shown as a function of the charge transfer parameter for the 16 systems present

in the SBH16 database.

DF, as the RPBE-vdW1 and RPBE-vdW2 DFs overestimate the barrier height
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for each system in the SBH16 database (see the discussion of Table 5.1 below).
Table 5.1 shows mean absolute errors (MAEs) and mean signed errors (MSEs)

for the SBH16 database, also comparing to the previous SBH17 results for those
DFs that have previously been tested on this database7. Here the error for a
specific system is defined as the difference between the barrier height computed
here and the reference value tabulated in Ref.7 for that system. As can be seen
the MAEs and MSEs computed here for SBH16 differ from previous results
known from SBH17 by no more than 10 meV, underscoring the reliability of the
results presented here. As previously found, the PBE DF is the best performing
DF in terms of the MAE, the MAE being lowest for the PBE DF. Importantly
for this study, the DFs serving as upper limits for mixed DFs here (RPBE for
SRPx of Eq.5.1 and SRPx sol of Eq.5.2, RPBE-vdW1 for SRPx -vdW1 of Eq.5.3
and for SRPx -vdW1-ext of Eqs.5.6, and RPBE-vdW2 for SRPxvdW2 of Eq.5.4,
SRPx sol-vdW2 of Eq.5.5, and SRPx -vdW2-ext of Eq.5.7) all have their MSEs
equal to their MAEs, suggesting that these DFs all systematically overestimate
the barrier height. This is actually a good quality of a functional that is meant
to serve as the upper-limit-form of a mixed DF. The PBEsolc DF, which is
the lower-limit-form of the SRPx sol DF of Eq.5.2, shows a MSE that is equal
to minus its MAE, suggesting that this DF systematically underestimates the
barrier height. This is a good quality of a functional that is meant to serve as the
lower-limit-form of a mixed DF, and in view of the behavior of the RPBE DF we
expect that the SRPx sol DF of Eq.5.2 will perform well as a generic expression for
reproducing barrier heights by tuning its x -parameter. Unfortunately PBE (the
lower-limit-form of SRPx of Eq.5.1), PBE-vdW1 (the lower limit of SRPx -vdW1
of Eq.5.3), PBE-vdW2 (the lower limit of SRPx -vdW2 of Eq.5.4), PBEsol-vdW2
(the lower limit of SRPx solvdW2 of Eq.5.5), PBEα57-vdW1 (the lower limit of
SRPx -vdW1-ext of Eqs.5.6) and PBEα57-vdW2 (the lower limit of SRPx -vdW2-
ext of Eqs.5.7) all have that their MSE is not equal to minus their MAE, meaning
that these DFs do not systematically underestimate the barrier height for the
systems in SBH17. Of these DFs, on the basis of the correspondence between
their MAE and the negative of their MSE, PBEsol-vdW2 and PBEα57-vdW1
are expected to function best as lower-limit-forms, and consequently the mixed
DFs SRPx sol-vdW2 and SRPx -vdW1-ext are also expected to perform well as
tunable mixed DFs.

5.3.3 Performance of mixed density functionals as tunable SRP
DFs

Figure 5.5 illustrates how we find the optimal value of x for each mixed DF by
showing how this was done for the particular examples of the H2 + Cu(111) and
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Table 5.1: Performance of the DFs that represent limiting forms of the mixed density
functionals tested on the SBH16 database using the medium algorithm. The mean
absolute errors (MAE’s) and the mean signed errors (MSE’s) are presented in eV for
all density functionals investigated here. For the density functionals for which these
results are available we also present MAE’s and MSE’s computed previously for the

closely related SBH17 database7.

Functional Med Algo
MAE MSE MAE-SBH17 MSE-SBH17

PBE 0.107 -0.065 0.103 -0.058
RPBE 0.235 0.235 0.228 0.228
PBEsolc 0.458 -0.458 - -
PBEsol-vdW-DF2 0.269 -0.265 - -
PBE-vdW-DF1 0.128 -0.020 - -
PBE-vdW-DF2 0.148 0.117 0.141 0.112
PBEα57-vdW-DF1 0.209 -0.185 - -
PBEα57-vdW-DF2 0.132 -0.042 0.124 -0.040
RPBE-vdW-DF1 0.278 0.278 - -
RPBE-vdW-DF2 0.424 0.424 - -

Average 0.239 0.002 - -

CH4 + Pt(111) systems using the mixed DFs SRPx and SRPx sol of Eqs.5.1
and 5.2. As Figs.5.5A and 5.5B show the barrier height obtained with a mixed
DF typically depends linearly on x. This means that the optimal value of x
can be found using linear interpolation, i.e., from the point where the linearly
interpolated barrier height curves (the sloping red and black lines) intersect the
horizontal blue line representing the reference value of the barrier height. If x
does not fall between the limits of the mixed DF (0 and 1 for the expressions
of Eqs.5.1-5.5, and -0.43 and 1 for Eqs.5.6 and 5.7) a value of x can be found
by extrapolation. We have not tested whether the DFs that may be obtained
by extrapolation lead to reasonable values of the minimum barrier height; we
would not recommend their use. However, the values of x obtained in this way
may be used in the calculation of the correlation coefficients discussed in the
next Section.

Figures 5.6 and 5.7 show the optimal x coefficients computed for the SRPx
and SRPx sol DFs of Eqs. 5.1 and 5.2, respectively, as a function of ∆ECT .
These coefficients are also listed for each DF in Table 5.A.4. Figure 5.6 shows
that obtaining the optimum value of x for the SRPx DF required extrapolation
to negative values for several H2-metal surface and CH4-metal surface systems.
The use of this mixed DF is therefore not guaranteed to yield a useful SRP DF
for systems like the ones investigated here. From the point of view of tunability
the opposite is true for the SRPx sol DF, for which we obtained a value of x
falling between 0 and 1 for all systems in the SBH16 database (see Figs.5.6-5.7).

Figure 5.8 shows the optimal x coefficients computed for the SRPx sol-vdW2
DF of Eq.5.5 as a function of ∆ECT . These coefficients are also listed for this
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Figure 5.5: The barrier heights computed with the SRPx DF (black bars) and the
SRPx sol DF (red bars) is shown as a function of the fraction of RPBE exchange x, (A)
for H2 + Cu(111) (upper panel) and (B) CH4 + Pt(111) (lower panel). Blue horizontal
lines indicate the reference value of the barrier height for these systems7. The black
and red dashed lines linearly interpolate the barrier height as a function of x for the
SRPx and the SRPx sol DFs, respectively. The optimal value of x is equal to the value

of x for which these lines intersect the blue lines.

DF in Table 5.A.5. Figure 5.8 shows that obtaining the optimum value of x for
the SRPx sol-vdW2 DF only required extrapolation to a negative value for H2 +
Ag(111). This system was classified as problematic in the SBH17 study, with all
DFs tested there yielding large MAEs for this system7. While we conclude that
the use of this mixed DF is not guaranteed to yield a useful SRP DF for systems
like the ones investigated here, we find that it performs rather well, and that it
can probably be used if a SRP DF is desired with vdW-DF2 correlation in it.
Note that, when coupled to their original partner exchange functionals21,22, the
vdW-DF2 functional22 yields a better description of the S22 database binding
energies of gas phase dimers (MAE of 22 meV)22 than the vdW-DF1 functional22

(MAE of 41 meV)21. However, the vdW-DF1 functional21 generally yields a
better description of bulk solids42 than the vdW-DF2 functional22.

Figure 5.9 shows the optimal x coefficients computed for the SRPxvdW1-
ext DF of Eq.5.6 as a function of ∆ECT . These coefficients are also listed in
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Table 5.A.5. Figure 5.9 shows that obtaining the optimum value of x for the
SRPx -vdW1-ext DF only required extrapolation to a negative value for H2 +
Cu(110) and H2 + Ag(111). The latter system was classified as problematic in
the SBH17 study, with all DFs tested there yielding large MAEs for this system7.
The use of the SRPx -vdW1-ext DF mixed DF is not guaranteed to yield a
useful SRP DF for systems like the ones investigated here, but we find that
it performs rather well just like SRPx sol-vdW-DF2, and the SRPx -vdW1-ext
can be used if a SRP-DF is desired with vdW-DF1 correlation in it. As noted
above, when partnered with their original exchange functionals vdW-DF1 yields
better descriptions of bulk solids, while vdW-DF2 tends to be better for binding
energies of gas phase dimers.
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Figure 5.8: The optimum fraction of RPBE exchange x is shown as a function of
∆ECT for the SRPx sol-vdW2 DF (Eq.5.5). Values falling between the two horizontal
dot-dashed black lines could be obtained by the interpolation procedure illustrated in

Figure 5.5.

Figures 5.A.2, 5.A.3, and 5.A.4 show the optimal x coefficients computed
for the SRPx -vdW1, SRPx -vdW2, and SRPx -vdW2-ext DFs of Eqs. 5.3, 5.4,
and 5.7, respectively, as a function of ∆ECT . These coefficients are also listed
for each DF in Tables 5.A.4 and 5.A.5. Figures 5.A.2-5.A.4 show that obtaining
the optimum value of x for these three mixed DFs required extrapolation to
negative values for several H2-metal surface and in most cases also for several
CH4-metal surface systems, with SRPx -vdW2 performing particularly poorly.
The above suggests that these three mixed DFs, and especially SRPx -vdW2,
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should perhaps not be the first choice for deriving a new SRP-DF for a system
like the ones present in the SBH16 database.

5.3.4 Correlation of the mixing parameter with the charge trans-
fer parameter

Table 5.2 shows correlation coefficients (or Pearson product-moment correlation
coefficients)43 rxy describing the correlation between the charge transfer parame-
ter taken as independent variable and the mixing coefficient x taken as dependent
variable, for the seven mixed DFs tested here. Including all systems, the rxy are
clearly negative for the SRPx and the SRPx sol DFs. The same is true for these
DFs if only the H2-metal systems are considered, and for these systems the rxy
values get close to the value of -1 indicating a nearly perfect linear relationship
if the H2 + Ag(111) system, for which the reference barrier height is somewhat
suspect, is not considered. For CH4 metal systems the values of rxy only take
on negative values if the CH4 + Ru(0001) and Ni(100) systems, for which the
reference barrier heights are also somewhat suspect, are not considered, and
these values are small in absolute value.

The finding of negative correlation coefficients as observed here for the SRPx
and SRPx sol DFs is what we expected to see, for several reasons. First of all, the
MAE of the RPBE DF was previously found to increase from 88 to 167 to 336
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meV going from N2-metal systems to H2-metal systems to CH4-metal systems7,
respectively, i.e., going from small values of the charge transfer parameter to large
values (see e.g. Table 5.A.2 and Fig.5.6 for how the charge transfer parameter
varies with the type of system). The opposite is true for the PBE DF, where
the MAE was found to decrease from 409 to 80 to 45 meV going from N2-metal
systems to H2-metal systems to CH4-metal systems7, respectively. Second, tests
on several systems suggest that for systems characterized by charge transfer
parameters less than 7 eV even RPBE exchange is not repulsive enough to avoid
underestimating the barrier height25. However, it is also clear that when all three
types of systems are considered the correlation is not that strong, suggesting that
when a mixed functional with a fraction of PBE correlation is used the optimum
mixing coefficient also depends on other properties of the system than the charge
transfer parameter. In this context we note that rxy for all systems decreases in
absolute value if the four systems with suspect reference values (N2 + Ru(101̄0),
CH4 + Ru(0001), CH4 + Ni(100), and H2 + Ag(111))7 are excluded from the
SBH16 database (see Table 5.2), which would not be expected if x would only
depend on the charge transfer parameter and the relationship would be linear.

The computed values of the correlation coefficients for the DFs incorporating
van der Waals correlation are rather different from the values calculated for SRPx
and SRPx sol, which incorporate PBE correlation. Restricting ourselves to the
mixed DFs that exhibit high tunability, i.e., SRPx sol-vdW2 and SRPx -vdW1-
ext, we see that the former one only exhibits positive correlation coefficients,
and that the latter one exhibits correlation coefficients that are either positive
or close to zero. The reason for the different values of the correlation coefficients
of SRPx and SRPx sol on the one hand (mostly negative) and the other DFs
incorporating van der Waals correlation on the other hand (mostly positive) are
not clear at this stage; the difference is rather puzzling.

5.4 Conclusions and outlook.

We have investigated the tunability of several expressions for mixed density
functionals, in which a mixing parameter x can be tuned to enable the mixed DF
to reproduce the reference value of the barrier height to dissociative chemisorption
of a molecule on a metal surface. The mixed functionals are tested on the barriers
collected in the database we call SBH16, which is equal to the previous SBH17
database in chapter 3 with the H2 + Pt(211) system removed from it.

Increasing the fraction of RPBE exchange incorporated in the mixed DFs
leads to higher barriers. All mixed DFs tested are well tunable towards higher
barriers, as their limiting forms (RPBE, RPBE-vdW1, and RPBE-vdW2) all
systematically overestimate the barrier height for the systems in the SBH16
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database. It turns out that the biggest challenge to finding a perfectly tunable
mixed DF for describing the SBH16 database is to obtain a mixed DF expression
with a good lower-energy form, which consistently underestimates barrier heights
for systems like the ones present in SBH16. This goal is fully met with the mixed
SRPx sol DF that uses PBE correlation and a mixture of PBEsol and RPBE
exchange. The mixed SRPx sol-vdW2 DF could describe the minimum barrier
height of 15 of the 16 systems using vdW-DF2 correlation, while the mixed
SRPx -vdW1 DF could do so for 14 of the 16 systems using vdW-DF1 correlation.
Being able to use mixed DFs with different correlation functionals may be
important to obtaining a SRP DF for a particular system because reproducing
the minimum barrier height is a necessary, but not a sufficient condition for
reproducing measured sticking (or dissociative chemisorption) probabilities, as
now used for validating SRP functionals and barrier heights: It is also necessary
to provide a description of how the barrier height varies when the molecule’s
impact site on the surface and its orientation relative to the surface is changed,
and this variation may depend strongly on the correlation functional used6,13,27.

We also tested whether and how the mixing coefficient of the mixed DFs
is correlated with the charge transfer parameter describing the system, i.e.,
the difference between the work function of the metal surface and the electron
affinity of the molecule. The answer depends on which mixed DF is used. For
the SRPx and SRPx sol DFs, which both use PBE correlation, we found that
the optimum fraction of RPBE exchange decreases with the charge transfer
parameter, as could be expected on the basis of earlier results. However, the
opposite relationship and weaker correlation was found for the mixed DFs using
vdW-DF1 or vdW-DF2 correlation. The reason for this difference is not clear.

The results presented here point to several new lines of research. First of all
the results underscore the need to obtain better reference values for the H2 +
Ag(111), CH4 + Ru(0001), and CH4 + Ni(100) systems. For all mixed DFs the
optimized mixing coefficients for these systems appear as outliers when plotted
as a function of the charge transfer parameter, and removing these systems from
the database leads to correlation coefficients with an increased absolute value for
the mixed SRPx and SRPx sol DFs for the H2-metal surface and the CH4-metal
surface systems.

A small improvement over using the SRPx sol mixed DF could be to use a DF
that simply mixes the RPBE and the PBEsol exchange-correlation functionals.
This would avoid the use of an exchange correlation functional with unbalanced
exchange and correlation at the lower x=0 end of the spectrum, i.e., PBEsolc.

When it comes to designing mixed functionals incorporating vdW-DF1 or
vdW-DF2 correlation, another idea worth testing might be to investigate mixtures
of weakly repulsive GGA exchange DFs that are appropriate matches for the vdW1
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and vdW2 correlation functionals with the rather repulsive44 exchange functionals
combined with these C functionals in the original vdW-DF121 and vdW-DF222

DFs. Examples of such exchange functionals have been incorporated in the
C0945 and CX46 vdW functionals, and other exchange functionals mentioned
in Ref.44. Another idea would be to explore mixtures of repulsive meta-GGA
DFs (such as MS-B86bl24) and attractive meta-GGA DFs (such as SCAN47)
that tend to overestimate respectively underestimate barriers to dissociative
chemisorption of molecules on metals7. It would also be of interest to investigate
the performance of mixtures of, or parameterized forms of screened hybrid
functionals such as HSE0648 and screened hybrid functionals incorporating van
der Waals correlation44,49. However, it might be most productive to test such
hybrid functionals once a database becomes available that also incorporates
good reference values of barrier heights for systems characterized by charge
transfer parameters < 7 eV, such as O2 + Ag(111)25 and HCl + Au(111)50. Such
systems presently defy an accurate description based on DFs incorporating GGA
exchange25,50,51.
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Table 5.A.1: Measured zero-point-energy-corrected and computed equilibrium lattice
constants a of the fcc metals Ag, Cu, Ir, Ni, and Pt, and a and c of the hcp metal Ru
are presented. The computed values have been calculated with the SRPx and SRPx sol

DFs varying x by steps ∆x of 0.1.

Metal Ag Cu Ir Ni Pt Ru
a a a a a a c

Experimental 4.06252 3.59752 3.83152 3.49952 3.91252 2.70353 4.27453

SRPx
PBE 4.147 3.635 3.873 3.518 3.968 2.721 4.293
x=0.1 4.153 3.639 3.874 3.521 3.970 2.722 4.295
x=0.2 4.159 3.644 3.875 3.524 3.972 2.723 4.297
x=0.3 4.165 3.648 3.877 3.528 3.974 2.725 4.299
x=0.4 4.172 3.652 3.878 3.531 3.976 2.726 4.301
x=0.5 4.178 3.657 3.880 3.535 3.979 2.727 4.303
x=0.6 4.185 3.661 3.882 3.539 3.981 2.728 4.305
x=0.7 4.191 3.666 3.883 3.542 3.983 2.730 4.307
x=0.8 4.198 3.670 3.885 3.546 3.985 2.731 4.308
x=0.9 4.205 3.675 3.886 3.550 3.988 2.732 4.310
RPBE 4.213 3.679 3.888 3.553 3.990 2.733 4.312

SRPxsol
PBEsol 4.035 3.559 3.822 3.454 3.902 2.683 4.237
x=0.1 4.051 3.570 3.828 3.464 3.910 2.688 4.244
x=0.2 4.067 3.581 3.834 3.473 3.918 2.693 4.252
x=0.3 4.083 3.593 3.841 3.482 3.927 2.698 4.260
x=0.4 4.099 3.604 3.847 3.492 3.935 2.704 4.268
x=0.5 4.117 3.616 3.854 3.502 3.944 2.709 4.275
x=0.6 4.134 3.628 3.860 3.512 3.953 2.714 4.283
x=0.7 4.152 3.641 3.867 3.522 3.962 2.719 4.290
x=0.8 4.172 3.653 3.874 3.532 3.971 2.723 4.298
x=0.9 4.192 3.666 3.881 3.543 3.980 2.728 4.305
RPBE 4.213 3.679 3.888 3.553 3.990 2.733 4.312
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Table 5.A.2: Calculated barrier heights Eb computed with limiting forms of the mixed
DFs are shown for the 16 systems present in the SBH16 database, as calculated for the
PBE, the RPBE, the PBEsolc, the PBE-vdW1, the PBE-vdW2, and the PBEα-vdW1
DF with α=0.57. Also presented are the values of the charge excitation parameter
∆ECT=WF-EA. The systems are arranged with the charge transfer parameter increasing

from top to bottom.

System EPBE
b ERPBE

b EPBEsolc
b EPBE−vdW1

b
EPBE−vdW2
b

EPBEα−vdW1
b

WF-EA

N2+Ru(101̄0) -0.096 0.469 -0.999 -0.023 0.247 -0.314 6.582
N2+Ru(0001) 1.532 1.965 0.896 1.688 1.746 1.314 7.382

H2+Ag(111) 1.132 1.457 0.643 1.442 1.569 1.275 7.685
H2+Cu(110) 0.639 0.874 0.346 0.914 0.996 0.792 7.715
H2+Cu(100) 0.584 0.905 0.095 0.894 1.024 0.731 7.885
H2+Cu(111) 0.463 0.760 0.026 0.771 0.886 0.617 8.055
H2+Ni(111) 0.026 0.170 -0.097 -0.006 0.085 -0.076 8.395

H2+Ru(0001) 0.014 0.108 -0.050 -0.049 0.002 -0.096 8.555
H2+Pt(111) 0.018 0.169 -0.103 -0.005 0.063 -0.079 9.065

CH4+Ni(211) 0.675 0.973 0.349 0.603 0.777 0.448 10.72
CH4+Ni(100) 0.912 1.259 0.491 0.843 1.020 0.664 10.92
CH4+Ni(111) 1.010 1.349 0.594 0.962 1.156 0.785 10.99

CH4+Ru(0001) 0.856 1.164 0.456 0.760 0.989 0.603 11.15
CH4+Pt(211) 0.489 0.789 0.092 0.484 0.618 0.316 11.39
CH4+Ir(111) 0.875 1.186 0.495 0.714 0.894 0.550 11.53
CH4+Pt(111) 0.819 1.151 0.414 0.775 0.898 0.604 11.66

Table 5.A.3: Calculated barrier heights Eb computed with limiting forms of the mixed
DFs are shown for the 16 systems present in the SBH16 database, as calculated for the
the PBEα-vdW1 DF with α=0.57, the RPBE-vdW1 DF, the RPBE-vdW2 DF, and
the PBEsol-vdW2 DF. Also presented are the values of the charge excitation parameter
∆ECT=WF-EA. The systems are arranged with the charge transfer parameter increasing

from top to bottom.

System EPBEα−vdW2
b

ERPBE−vdW1
b

ERPBE−vdW2
b

EPBEsol−vdW2
b

WF-EA

N2+Ru(101̄0) -0.044 0.525 0.801 -0.568 6.582
N2+Ru(0001) 1.529 2.133 2.367 1.113 7.382

H2+Ag(111) 1.403 1.758 1.885 1.114 7.685
H2+Cu(110) 0.887 1.144 1.239 0.714 7.715
H2+Cu(100) 0.859 1.205 1.332 0.564 7.885
H2+Cu(111) 0.736 1.064 1.183 0.470 8.055
H2+Ni(111) -0.002 0.134 0.209 -0.045 8.395

H2+Ru(0001) -0.044 0.043 0.095 -0.052 8.555
H2+Pt(111) -0.012 0.145 0.211 -0.044 9.065

CH4+Ni(211) 0.613 0.907 1.076 0.433 10.72
CH4+Ni(100) 0.829 1.188 1.352 0.607 10.92
CH4+Ni(111) 0.949 1.305 1.473 0.713 10.99

CH4+Ru(0001) 0.775 1.063 1.235 0.565 11.15
CH4+Pt(211) 0.474 0.790 0.939 0.232 11.39
CH4+Ir(111) 0.730 1.030 1.210 0.501 11.53
CH4+Pt(111) 0.726 1.107 1.262 0.529 11.66
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Table 5.A.4: The optimal mixing coefficient x is shown for the mixed DFs SRPx,
SRPx sol, SRPx -vdW1, and SRPx -vdW2. Also presented are the values of the charge
excitation parameter ∆ECT=WF-EA. The systems are arranged with the charge transfer

parameter increasing from top to bottom.

System WF-EA SRPx SRPxsol SRPx -vdW1 SRPx -vdW2

N2 + Ru(101̄0) 6.582 0.88 0.95 0.77 0.27
N2 + Ru(0001) 7.382 0.71 0.88 0.34 0.01
H2 + Ag(111) 7.685 -0.15 0.53 -1.14 -1.55
H2 + Cu(110) 7.715 0.64 0.84 -0.55 -0.91
H2 + Cu(100) 7.885 0.49 0.79 -0.49 -0.91
H2 + Cu(111) 8.055 0.55 0.82 -0.49 -0.88
H2 + Ni(111) 8.395 -0.02 0.45 0.21 -0.42
H2 + Ru(0001) 8.555 -0.09 0.34 0.57 0.02
H2 + Pt(111) 9.065 -0.17 0.34 -0.02 -0.48
CH4 + Ni(211) 10.72 0.08 0.57 0.32 -0.24
CH4 + Ni(100) 10.92 -0.44 0.34 -0.24 -0.76
CH4 + Ni(111) 10.99 0.01 0.56 0.27 -0.26
CH4 + Ru(0001) 11.15 -0.18 0.48 0.13 -0.44
CH4 + Pt(211) 11.39 0.23 0.67 0.32 -0.14
CH4 + Ir(111) 11.53 -0.12 0.49 0.39 -0.18
CH4 + Pt(111) 11.66 0.00 0.54 0.24 -0.17

Table 5.A.5: The optimal mixing coefficient x is shown for the mixed DFs SRPx sol-
vdW2, SRPx -vdW1-ext, and SRPx -vdW2-ext. Also presented are the values of the
charge excitation parameter ∆ECT=WF-EA. The systems are arranged with the charge

transfer parameter (see Table 5.A.4) increasing from top to bottom.

System SRPxsol-vdW2 SRPx -vdW1-ext SRPx -vdW2-ext

N2 + Ru(101̄0) 0.70 0.77 0.27
N2 + Ru(0001) 0.66 0.34 0.01
H2 + Ag(111) -0.07 -0.90 -1.21
H2 + Cu(110) 0.12 -0.46 -0.76
H2 + Cu(100) 0.78 -0.42 -0.74
H2 + Cu(111) 0.21 -0.42 -0.72
H2 + Ni(111) 0.25 0.21 -0.31
H2 + Ru(0001) 0.34 0.57 0.02
H2 + Pt(111) 0.15 -0.06 -0.42
CH4 + Ni(211) 0.42 0.32 -0.22
CH4 + Ni(100) 0.19 -0.23 -0.60
CH4 + Ni(111) 0.45 0.27 -0.21
CH4 + Ru(0001) 0.67 0.13 -0.38
CH4 + Pt(211) 0.50 0.32 -0.15
CH4 + Ir(111) 0.53 0.39 -0.19
CH4 + Pt(111) 0.55 0.24 -0.21



5
C

hapter

198 Constructing mixed density functionals for ...

7 8 9 10 11
WF-EA [eV]

0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

E b
[e

V]

N 2
/R

u(
10

10
)

N 2
/R

u(
00

01
)

H 2
/A

g(
11

1)
H 2

/C
u(

11
0)

H 2
/C

u(
10

0)
H 2

/C
u(

11
1)

H 2
/N

i(1
11

)
H 2

/R
u(

00
01

)

H 2
/P

t(1
11

)

CH
4/N

i(2
11

)
CH

4/N
i(1

00
)

CH
4/N

i(1
11

)
CH

4/R
u(

00
01

)

CH
4/P

t(2
11

)
CH

4/I
r(1

11
)

CH
4/P

t(1
11

)

PBE 57-vdW1
PBE 57-vdW2

Figure 5.A.1: The barrier heights Eb computed with the PBEα-vdW1 and PBEα-
vdW2 DFs with α=0.57 are shown as a function of the charge transfer parameter for the
16 systems present in the SBH16 database. These DFs may be viewed as the lower-limit

expressions given by Eqs. 5.6b and 5.7b, respectively.
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dot-dashed black lines could be obtained by the interpolation procedure illustrated in

Figure 5.5.
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