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S1 Method

S1.1 Density functionals used in this study

The three DF's selected in our study are the RPBE DF (in the sense that its results serve as a yardstick
to measure other results against), and the MS-RPBEI' and HSE03-1/3X2?* DFs used in the study of
the dissociative chemisorption of O on Al(111). Here we briefly discuss the choice of these functionals.

The RPBE DF® may be viewed as a non-empirical GGA functional just like the PBE DF®, as Hammer
et al. made sure that the constraints imposed on the PBE DF are also imposed on the RPBE-DF%7.
This includes the recovery of the uniform electron gas (UEG) limit, which ensures the functional’s
applicability to metals®. The RPBE DF, which was originally designed to improve the chemisorption
energies of atoms and molecules on metals, which are severely overestimated with PBE, yields higher
barriers for gas phase reaction barriers than PBE, thereby improving on their description (e.g. the mean
unsigned error for the barrier heights in the HTBH38/08 and NHTBH38/08 databases is reduced from
8.9 to 6.6 kcal/mol going from PBE to RPBE). The RPBE DF also yields consistently higher barriers for
dissociative chemisorption reactions on metals®'? than the PBE DF and, in fact, than any non-empirical
GGA DF obeying the UEG limit that we know of. Hence, we use RPBE® (or RPBE-vdW-DF1%11)
results as yardstick to measure other results for dissociative chemisorption systems against: if the RPBE
(RPBE-vdW-DF1) DF yields a barrier that is too low, perhaps a meta-GGA but probably a hybrid DF
will have to be used to obtain a higher barrier.

Some important advantages of the MS-RPBEI meta-GGA DF tested on Oz + Al(111) have already
been mentioned in the main paper. They include an approximate correction for one electron-self inter-
action, which is ensured by demanding that the functional reproduce the energy of the H-atom and the
atomic/molecular orbital limit. Based on this approximate correction one might expect the functional
to perform well on reaction barrier heights, the description of which may suffer from self-interaction
errors'? 14, The MS-RPBEI DF gives a chemically accurate description of the dissociative chemisorption
of Hy on Cu(111), and also a quite accurate description of that of Hy on Ag(111)!, which are addi-
tional reasons for including it here. The performance of this MS functional is in contrast to that of the
meta-GGA MS2 DF'5, which, although based on similar design principles, with a mean signed error of
—T7.8kcal/mol showed a rather poor performance on the dissociative chemisorption barriers in the SBH10
database'®.

The hybrid DF HSE03-1/3X that we applied to O2 + Al(111) may be viewed as a re-parameterized
version of HSE06*. HSE06 is a screened hybrid DF with an exact exchange ratio o equal to 0.25 as in
the PBEQ DF'7:!8; at very short range it equals PBEO and at long range the PBE DF is obtained. As

originally intended?, the HSE03 DF (which at the start suffered from an implementation error®) is the
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HSEO06 DF with a slightly different range parameter (0.15bohr—1)? than used in HSE06 (0.11 bohr 1)
However, the most important change made going from HSE06 to HSE03-1/3X is that we used a higher
exact exchange ratio (1/3) than the value implemented originally in HSE06 and PBEO (0.25). Increasing

1921 and accepted??:23 practice for improving

the ratio of exact exchange in a hybrid DF is a longstanding
its performance on gas phase reaction barrier heights. For example, the M08-SO and MOX-HX DFs?!
have a = 0.57 and 0.52, respectively, and are among the best three performing functionals for the
BH206 database??. An example that is pertinent to using HSE03-1/3X instead of HSE03, as done here,
showed that changing o from 1/4 to 1/3 in PBEO reduces the mean absolute error in the reaction barrier
heights of the DBH24/08 database from 4.0 to 2.9 kcal/mol?*. A more minor change we made to HSE06
mentioned already above is that we used a somewhat larger value for the screening parameter, i.e., the
one corresponding to HSEQ3. Note that with the recommended VASP settings (screening parameters of
0.2A~1 (= 0.106 bohr—!) and 0.3 A~' (=~ 0.159 bohr—')) the settings we use for HSE03 and HSE06 are
actually a bit different than the ones in the original papers (0.11 and 0.15 bohr ! for HSE06 and HSE03,

respectively), but this slight difference should not affect the results much.

S1.2 DFT calculations

The slabs are constructed with the ideal DFT lattice constants obtained for the tested functionals (4.045
and 4.022 A for the MS-RPBEI and HSE03-1/3X DFs, respectively), which has been obtained from
bulk calculation. The computed bulk lattice constants are in excellent agreement with the experimental
value of 4.032 A2, Furthermore, all interlayer distances have been optimized, yielding an outer layer
expansion of 1.4% for the HSE03-1/3X DF (i.e., the HSE03 DF, but with the fraction of exact exchange
equal to 1/3 instead of 1/4) and 1.1% for the MS-RPBEI DF, which is in reasonable agreement with the
experimental value of 2.2%26. Calculations employing the HSE03-1/3X DF are started from converged
spin polarized calculations employing the RPBE DF and then iterated until convergence. Using 2 octa-
core Intel E5-2630v3 cpus (i.e., a total of 16 cores), single-point calculations for the Oo + Al(111) PES
take 2- 6 hours or 1.5-5days for the MS-RPBEI and HSE03-1/3X DF's, respectively. Non-self-consistent
single-point calculations employing the HSE03-1/3X DF on the self-consistent electron density yielded
by RPBE take 1-2hours.

S1.3 Application of the corrugation reducing procedure (CRP)

The PES is constructed with the CRP?” with the same set-up of geometries sampled as in Ref.'%, except
that the ro, and Zo, grids are non-equidistant in order to increase the accuracy near the barrier. For

the MS-RPBEI DF ro, =[0.9, 1.0, 1.1, 1.15, 1.2, 1.225, 1.25, 1.275, 1.3, 1.35, 1.4, 1.5, 1.6, 1.7, 1.§]
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A and Zo, =[0.25, 0.75, 1.00, 1.25, 1.50, 1.75, 2.0, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50, 4.00, 4.50] A are
employed. Likewise, for the HSE03-1/3X DF ro, =[1.0, 1.1, 1.15, 1.175, 1.2, 1.225, 1.25, 1.3, 1.4, 1.5,
1.6) A and Zo, =[1.00, 1.50, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50] A are employed. We checked that
the maximum value of ro, used does not negatively impact the evaluation of the sticking probability
(S0, see also Section S1.4 below), so that we can accurately describe the dissociation of Oy on Al(111).
Furthermore, the atomic 3D PES for the HSE03-1/3X DF is taken from the MS-RPBEI DF, i.e., it is
computed with the MS-RPBEIL DF instead of the HSE03-1/3X DF. This does not affect the accuracy of
the interpolation as the 3D potential is merely required to reduce the corrugation of the molecular 6D
PES (i.e., to ensure that the curvature of the resulting 6D interpolation function is low), and therefore

results should not be affected by the choice of the 3D potential as long as it is physically reasonable.

S1.4 Quasi-classical trajectory (QCT) calculations

For the MD simulations a sufficient number of trajectories (at least 1500) are run in order to obtain
standard error bars that are smaller than 0.01 (one percentage point). The oxygen molecule is initially
placed halfway between the two periodic images of the slab, with the azimuthal and polar angles sam-
pled according to the rotational state?®. Trajectories are considered to be reacted when the O, bond is
extended beyond 1.59 A for the HSE03-1/3X DF or 1.79 A for the MS-RPBEI DF. Lowering the disso-
ciation criterium for the MS-RPBEI DF from 1.79 A to 1.59 A does not affect Sy. When the distance
between the molecule and the surface is larger than the initial value (7.5 A for MS-RPBEI and 5 A for
HSE03-1/3X) and the velocity vector is pointing away from the surface, the trajectory is considered to
be scattered. With the employed propagation time of 10 ps each trajectory ends with one of these two
outcomes (i.e., trapping at the surface does not lead to ambiguous outcomes). Furthermore, the equa-
tions of motion are integrated with the Stoer and Bulirsch method, using a variable time step??:3°. In
using the QCT method, we make the usual assumption that the dynamics calculations are not affected by
problems related to zero-point energy conversion or the neglect of other quantum effects like tunneling.
These assumptions have also been made in previous dynamics studies of the Oy + Al(111) reaction®!:32.
Quantum and quasi-classical studies of the CH, + Pt(111) system?3? suggest that these conditions should

be met in QCT calculations of sticking probabilities exceeding 0.01, where sticking usually proceeds in

a classical, over the barrier fashion.

S1.5 Work function and electron affinity values

Our choice of how to compute the difference of the work function and the electron affinity (W — E,,)

has been a pragmatic one. We have mostly taken the W-values from Table 1 from Ref.?*, which gives
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recommended values for a number of metal surfaces based on an evaluation of experimental results, so
we use empirical values (see Table S1). The electron affinities have been mostly taken from a NIST
database (Ref.3%) using semi-empirical composite theory with the G4 basis set (see also Table S2).
Note that the electron affinity of CHy is obtained by taking the difference between the exciplex state
(—40.240 409 Hartree (—1094.9978eV), see Table S3 of Ref.36) and ground state (—40.451691 Hartree
(—1100.7471eV), see Table S2 of Ref.35) energies obtained with CCSD(T)/aug-cc-pVQZ.

Of course, one might also want to use an all-DFT approach. Results of Perdew and co-workers”
suggest that metal surface work functions can be computed with a mean absolute error of 0.16, 0.21, 0.11,
0.11, and 0.08 eV using the LDA383% PBES, PBEsol*?, SCAN*!, and SCAN+rVV10*2 DFs, respectively.
Furthermore W-values computed for a large range of metal surfaces with DFT have been tabulated for
the LDA, the PBE, and the RPBE® DFs in the supporting information of Ref.*3.

The calculation of electron affinities of small molecules is not so straightforward36:444% and this is
also true for DFT%%46, This is especially true if the electron affinity is negative, which means that
the anion is unstable with respect to the dissociation into the neutral molecule and a free electron, as
the calculation of a metastable state state is required (see e.g. the calculation of the electron affinity
of CH435). As can be seen from Table S2, this is true for all but one (Ogz) of the molecules in the
molecule-surface systems considered here. Studies that perform benchmarks on the thermochemistry of
large numbers of DFs?247 typically employ databases containing back corrected experimental electron
affinities (G21EA)*® or electron affinities computed with a high-level ab initio electronic structure method
(EA13/03)*7, which exclusively or predominantly contain positive electron affinities of atoms and small
molecules only. Given how complicated it is to compute negative electron affinities, we recommend simply
using the results from Ref.?® as obtained using semi-empirical composite theory with the G4 basis set

(see Table S2), for reasons discussed in Ref.3¢.

S2 Results

S2.1 Self-consistent DFT results for O, 4+ Al(111)

Elbow plots (i.e., two-dimensional cuts through the PES for a particular impact site and orientation)
are shown for Oy on Al(111) for the second parallel orientation at the fcc site as obtained with the
MS-RPBEI and HSE03-1/3X DFs in Figures S1 and S2, respectively. The configuration mentioned (i.e.,
the combination of impact site and orientation) corresponds to the minimum barrier geometry found
among the configurations studied for the ECW PES, see also Table 2). The two elbow plots are very

similar, with the main difference being the height of the barrier and its location (i.e., the value of Zg,,
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see also Table 2).

An one-dimensional cut through the HSE03-1/3X PES along the molecule-surface distance is shown
in Figure 3 for the fcc //3 configuration and r = 1.25 A, for which the barrier height is 12.3kJ/mol (see
Table 2). The barrier is found at Z = 2.6 A. For this configuration and r-value, the total magnetic
moment (i.e., the number of unpaired electrons) of the Oy + Al(111) system as a function of Z for
r = 1.25A and the fcc //3 orientation is shown in Figure S3. The magnetic moment is an indicator of
charge transfer in the sense that a spin-flip and concomitant change in magnetic moment can only take
place after charge transfer from the surface to the molecule has occured*®. Here it can be seen that when
a DF is employed that (roughly) corrects for the SIE (i.e., HSE03-1/3X), the magnetic moment drops
more gradually when approaching the surface than with the standard RPBE DF. Previously, this effect
has also been shown for the charge of Oy approaching an Als cluster using (screened) hybrid DFs®.
Furthermore, from visual inspection it is observed that the charge density is more localized on the Oq
molecule when employing SIE-correcting DFs than when using the RPBE DF (results not shown here).

We have also investigated how the barrier height for Os + Al(111) depends on the parameters of
the HSE functional we used. As Table S3 shows, the barrier height is rather insensitive to changing the
screening parameter (i.e., using HSE03-1/3X rather than HSE06-1/3X changes the barrier height by just
0.4kJ/mol), while increasing a from 1/4 to 1/3 to 1/2 leads to clear increases in the barrier height, as
one would expect from the discussion in Section S1.1. Increasing the exact exchange ratio also decreases
the lattice constant of Al somewhat, while the lattice constant is not much affected by changing the

screening length parameter (Table S3).

S2.2 Non-self-consistent DFT results for O, + Al(111), HCI 4+ Au(111), and
NH; + Ru(0001)

The barrier heights yielded by non-self-consistent calculations employing a self-consistent density from
a different DF, as described in Ref.’®%!, are shown in Table S6. Interestingly, the non-self-consistent
calculations yield similar barrier energies as the self-consistent calculations (see also Figure 3). As
discussed in the main paper, this implies that even when a different electron density is employed, the
relative energy does not change considerably; i.e., the failure of RPBE in yielding an adiabatic barrier for
O + Al(111) is not caused by a density-driven error but by a functional error. Only when the molecule
is closer to the surface (i.e., the value of Z is lower) does the density driven error play a considerable
role. Interestingly, the appearance of the density driven error (see Figure 3) coincides with the increasing

difference of the magnetic moment between HSE03-1/3X and RPBE (see Figure S3).

Non-self-consistent calculations of the same kind have also been performed for HC1 4+ Au(111) and
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NH3 + Ru(0001) (see Table S7). In general, increasing the fraction of exact exchange, and therefore
diminishing the amount of semi-local PBE exchange, leads to barrier heights higher than those found with
PBE. These results suggest that employing range-separated hybrid DFs to systems where (W — Ee,) <
7eV may improve the comparison between theory and experiment compared to that obtained with
GGA DFs. The barrier for NHs + Ru(0001) obtained with non-self consistent HSE calculations was
not yet higher than the previous RPBE-vdW-DF1 result (Table S7), but this will probably change if
a screened hybrid function is used that employs semi-local RPBE exchange instead of PBE exchange.
The barrier obtained with the HSEO3@QRPBE-vdW-DF1 approach for HC1 + Au(111) were higher than
those obtained with any semi-local exchange functional thus far (see Table 4 of Ref.52, the highest barrier
(101.3kJ/mol) thus far was obtained with RPBE), which should help to get better agreement between

theory and experiment for this system.

S2.3 Correlation between (W — E.,) and charge transfer at the TS

The excess charge at the molecule for the TS of several molecule-metal surface systems (i.e., the charge
transferred from the metal surface to the molecule) is shown in Table S8. The results show a clear
correlation between the amount of charge transferred to the molecule and the difference between the
work function and the electron affinity; i.e., when W — E,, decreases, the amount of excess charge on the
molecule increases. One might then also argue that the barriers of the difficult systems should be too
low because the difficult systems are affected by charge transfer at the barrier, as semi-local functionals

may severely overestimate the interaction of charge transfer complexes'?.

S2.4 Dynamics: Dependence of S; on molecular beam conditions

The sticking probability in Figure 1 is obtained for a simulated mono-energetic molecular beam. Sim-
ulation of only a single energy instead of a velocity distribution does not affect results considerably for
weakly activated systems®®. The rovibrational state population is sampled according to a Boltzmann-
like distribution (see for example Ref.52), where it is assumed that the vibrational temperature (Tyip)
= 300K and the rotational temperature (T}o;) = 9K, as should be appropriate®® for supersonic molecu-
lar beams containing O, and using a room temperature nozzle®®. Simulating only the rotational ground
state of Os instead of the distribution according to Tiot should lead to a too high sticking probability
(this is true even for a rotationally cold beam, see Figure S4), as is also confirmed by experiment?S.
Moreover, even though Ty, = 300K is simulated, the population of the vibrational excited states is

negligible (0.1%), and therefore the results for the simulated molecular beam can be considered to be

for Oy in the vibrational ground state. Since the previous results obtained with the flexible periodic
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London-Eyring-Polanyi-Sato (FPLEPS) potential energy surface (PES) based on ECW data are for Og
in the rotational ground state3?, the agreement between the reactivity obtained with the ECW method

and the experiments may well have been artificially improved for low F; in this way (see Figure S4).

S2.5 Dynamics: Dependence of Sy on the alignment of O,

Figure 2b shows the sticking probabilities of Os in the helicopter, random, and perpendicular orienta-
tions relative to the surface (see Ref.3? for explanations of the orientation distributions), as obtained
experimentally and with the HSE03-1/3X DF. Note that different incident energy distributions (and,
indeed, incidence energies) have been simulated than employed in the experiment as Kurahashi et al.
did not publish experimentally determined beam parameters®”, and that the HSE03-1/3X DF yields a
sticking probability of unity for E; > 25kJ/mol. Qualitatively the simulations reproduce the experimen-
tal alignment trends®”: The helicopter orientation is the most reactive one, whereas the perpendicular
orientation is least reactive. Quantitatively, the differences between the sticking probabilities obtained
for different alignments appear smaller in the theory than in the experiment. This observation gives
support to the argument that the slope of the sticking probability curve computed with the HSE03-1/3X
DF may be too high because the computed anisotropy of the barrier height at the minimum barrier

impact site and at other impact sites is too low.

S2.6 Dynamics: Dependence of Sy on incidence angle

Figure S5 shows the sticking probability of off-normal incident Oz on Al(111), where the normal incidence
energy is computed as

Eormal = COS> (0)E;. (S1)

Experimental trends in the sticking probability as a function of incidence angle of O5 in its helicopter and
cartwheel orientations are reproduced (see Figure S5a). Furthermore, normal energy scaling (NES)58 is
observed both experimentally and in this work (Figure S5a), while ECW theory slightly deviates from
NES (Figure S5b).
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S3 Discussion

S3.1 O, + metal systems that are useful benchmark systems for dissociative

chemisorption

Systems that are useful as benchmarks for dissociative chemisorption exhibit activated dissociation, so
that sticking probabilities measured in molecular beam experiments increase with incidence energy®?.
Ideally, the dissociation is not affected by precursor dynamics, and the dissociative chemisorption prob-
ability rises to several tens of percent. Unfortunately, there are few Os-metal systems exhibiting this

. many Os-metal surface sys-

simple behavior that we know of. As discussed in a recent review paper®
tems exhibit precursor dynamics, where Oy first adsorbs molecularly as a superoxo- and/or peroxo-state,
and only then dissociates. This complicates the analysis of the dissociation of Oy on all group 10 metals
(Ni, Pd, and Pt)®°. While it has been known for some time that DFT with GGA functionals can be
used to compute properties of these precursor states in reasonable agreement with experiments and that

d61:62 comparison of the latter to experimental values is very

barriers to dissociation can be compute
difficult, and it is hard to establish the reliability of experimental values of barrier heights, which may
differ depending on the technique used and the analysis of the experiments®®. Studies of the Oy +
Pt(111) system®-%4 show how difficult it is to extract information on the dissociative chemisorption in

this system, which is activated through thermal fluctuations at low surface temperature®4.”

Extracting accurate information on dissociative chemisorption of Oy on the group 11 metals Ag
and Au likewise is extremely difficult. Au surfaces show very high barriers to Oy dissociation?. As
discussed by Juaristi and co-workers, the major disagreement now seen in dynamics calculations on
dissociative chemisorption of Oy on Ag(110), Ag(100), and Ag(111) is due to the difficulty on unraveling
the contribution the contributions of molecular and dissociative chemisorption to sticking (see Figure 11

of their work)%°.

The only Os-metal systems we are aware of that obey the following two conditions that (i) the
sticking is activated, not precursor-mediated in a major way, and results in dissociative chemisorption
with sticking probabilities equal to a few tens of percent, and that (ii) dynamics calculations using the
RPBE density functional have been performed are the Oo + Al(111)3! example discussed extensively in
our paper, Oz + Cu(111)% and Oy + CuML/Ru(0001)%6. In all cases, the dynamics calculations using
a RPBE PES substantially overestimated the sticking probability. In the calculations on Cu and Cu/Ru
surfaces, the effect of surface atom motion and surface temperature was modeled in an approximate

manner, using the GLO modelS.
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S3.2 Towards an SRP density functional for O, + Al(111)

The HSE03-1/3X clearly is not yet an SRP DF for Oy + Al(111). We base our below suggestions on
how a SRP-DF may be developed on the following observations: (i) Compared to the ECW barrier
geometries, the HSE03-1/3X geometries are too early, i.e., the barriers occur too far from the surface,
and (ii) the narrow slope in the Sy(E;) curves obtained with standard GGA exchange-correlation DFs
for Hy + Ru(0001), which is also an early barrier system, could be remedied!? by using correlation
functionals approximately describing the attractive van der Waals dispersion interaction'!7.

We therefore suggest to proceed with the development of an SRP DF for Oy + Al(111) as follows.
First, the correlation DF in HSE03 (or alternatively HSE06), i.e., the PBE correlation DF, can be
replaced with a Van der Waals correlation functional, obvious candidates being the vdW DFs developed
for hybrids by Hyldgaard and co-workers8:6%, Alternatively, one could add the TS-vdW correction as
used by Tkatchenko and co-workers to the HSE03 functional”™. This would probably move the barrier
geometries closer to the surface when compared to the HSE03-1/3X geometries. In turn, this would also
increase the energetic corrugation and the anisotropy of the barrier heights, and lower the barrier heights.
While the former change would probably result in better agreement with experiment for the steepness and
the alignment dependence of Sy(E;) (Figures 2a and 2b, respectively), the energetic threshold of So(E;)
would probably also be decreased, possibly resulting in worse agreement with experiment. However,
this can probably be offset by increasing the fraction of exact exchange in HSE03 (see Section S2.1).
Alternatively, one might think of replacing (a fraction of) the local PBE exchange® in HSE03 with
RPBE exchange®. Finally, a range-separated meta-GGA hybrid DF might perform better”! than a
range-separated GGA hybrid DF. Especially one of the MS kind could perform well, as the MS-RPBEI
DF already has shown to improve results for Oy + Al(111) compared to the RPBE DF. Furthermore,
using screened hybrid DFs where the range-separation parameter is either optimally pre-tuned (or self-
consistently during calculations) or constrained to reproduce the energy of a free hydrogen atom could
also improve results”>77. We expect that the approaches sketched can go a long way towards improving

the results for Oy + Al(111), and developing an SRP DF for this system.
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Supporting Figures
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Figure S1: Elbow plot of the molecule-surface interaction energy of Oz on Al(111) as a function of
Zo, and r computed with the MS-RPBEI functional for the second parallel configuration at the fcc site
(see Ref.>?). Black contour lines are drawn at an interval of 10kJ/mol between -250 and 100kJ/mol.

The white circles indicate the MEP in reduced dimensionality and the black square indicates the highest

point along the MEP.

521



- —120

%
S
Energy (kJ/mol)

—160
—200

—240

Figure S2: Elbow plot of the molecule-surface interaction energy of Og on Al(111) as a function of Zo,
and r computed with the HSE03-1/3X functional for the second parallel configuration at the fcc site
(see Ref.3?). Black contour lines are drawn at an interval of 10kJ/mol between -250 and 100kJ/mol.
The white circles indicate the MEP in reduced dimensionality and the black square indicates the highest

point along the MEP.
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Figure S3: Total magnetic moment of the Oy + Al(111) system as a function of Zo, for 7 = 1.25 A

and the fcc //3 configuration using several DF's.
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Figure S4: Sticking probability of Oy on Al(111) as a function of translational energy for normal
incidence. The blue circles indicate results for Oy in the rovibrational ground state, whereas the red

circles indicate results for a rovibrational state population according to Ty;p = 300K and Ty = 9K.
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Figure S5: Sticking probability of Oy (v = 0,J = 2, K = 1) on Al(111) as a function of incidence
angle (degrees). (a) The solid symbols and lines indicate results obtained with the HSE03-1/3X DF
for E; = 8.2kJ/mol (blue) and E; = 11.1kJ/mol (red). The open symbols and dashed lines indicate
results from experiment®” for E; = 9.6kJ/mol (blue) and E; = 17.4kJ/mol (red). The downward and
upward pointing triangles correspond to the helicopter and cartwheel orientations, respectively. The
lines correspond to results obtained with the assumption of normal energy scaling. (b) Same as panel
a, but instead of experimental results, the results from a FPLEPS PES based on ECW data®? for
E; = 14.5kJ/mol (blue) and E; = 22.2kJ/mol (red) are shown. In both cases, the incidence energies in
the calculations have been chosen such that similar reaction probabilities are obtained in the calculations

as in the experiments.
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Supporting Tables

Table S1: Work function values of several metal surfaces, which are taken from Ref.3*

, except for
the value for Pt(211), which was taken as the aforementioned value for Pt(111) plus the difference of

calculated LDA values for Pt(211) and Pt(111) from Ref.”®.

Surface Work function (eV)

AI(111) 432
Ni(111) 5.24
Au(111) 5.33
Ru(0001) 5.4
Cu(100) 4.73
Cu(111) 4.9
Pt(111) 5.91
Pt(211) 5.64
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Table S2: Electron affinity values of several molecules, which are taken from Ref.?> using semi-empirical
composite theory with the G4 basis set, except for HoO (CCSD(T) with a daug-cc-pVTZ basis set) and

HCI (B97D3 DF with a aug-cc-pVTZ basis set), and except for CHy, which was taken from Ref.3S.

Surface Electron affinity (eV)

CH4 -9.75
Ha -3.155
Oq 0.463
HC1 -0.514
Ny -1.982
NH; -0.897
H,O -0.181

Table S3: Minimum barrier heights and bulk lattice constants computed with different variations of
the screened hybrid PBE DF| i.e., different exact exchange ratios and screening length parameters are
employed. The barrier is taken to be at Z = 2.8 A, r = 1.25 A, and in the fcc //3 configuration. The
row shown in bold face lists the functional used in the dynamics calculations, and presents the results

obtained with it. The experimental value of the lattice constant is 4.032 A25.

DF Exact exchange ratio Screening length parameter (A 1) Bulk lattice constant (A) Ei, (kJ/mol)
HSE06* 1/4 0.2 4.023 7.9
HSE06-1/3X 1/3 0.2 4.018 13.2
HSE06-1/2X 1/2 0.2 4.009 25.0
HSE03-1/3X 1/3 0.3 4.022 12.8
RSX-PBE0”” 1/4 0.39 4.029 3.6
RSX-PBE0-1/37" 1/3 0.37 4.025 11.4

Table S4: Vibrational frequencies of the molecule at the reaction barrier geometries (see Table 2). Total

zero point vibrational energies (ZPE) are also listed. Results are obtained from the HSE03-1/3X PES.

The nomenclature of the different configurations is taken from Ref.32.

Vibrational mode (meV)
site orientation 1 2 3 4 5 6 ZPE (meV)
fcc //1 1384 185 82 591 1741 87.2i 82.6
//2 121.0 128 88 4.4i 15.71 121.0i 71.3
//3 89.5 149 4.1i 14.1i 1881 138.4i 52.2
4 106.5 20.7 1.0 2.9i 20.6i 106.4i 64.1
top // 1156 149 59 591 14.71 115.6i 68.2
L 131.2 218 1.1 091 21.8 131.2i 77.1
bridge // 1076 171 7.0 791 15.61 107.6i 65.9
L 113.8 153 2.6 1.6i 1591 113.7i 65.9
gas phase 153.0 - - - - - 76.5
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Table S5: Vibrational frequencies of the molecule at the reaction barrier geometries (see Table 2). Total
zero point vibrational energies (ZPE) are also listed. Results are obtained from the MS-RPBEI] PES.

The nomenclature of the different configurations is taken from Ref.32.

Vibrational mode (meV)
site orientation 1 2 3 4 5 6 ZPE (meV)
fcc //1 142.2 47 33 3.8 58 89.6i 75.1
//2 1189 39 26 391 4.61 118.9i 62.7
//3 89.4 6.5 59 3.6 5.6 142.51 50.9
1 1114 9.3 2.8 5,51 911 1117 61.8
top // 1133 83 09 431 7.00 113.3i 61.3
L 1159 81 0.1 2.0 791 11591 62.1
bridge // 102.7 9.6 5.5 6.00 8.6i 102.7i 58.9
1 1156 6.4 0.6 1.4 691 115.51 61.3
gas phase 146.6 - - - - - 73.3

Table S6: Barrier height (in kJ/mol) of O on Al(111) obtained from the HSE03-1/3X CRP PES and

HSE03-1/3X@RPBE calculations. The nomenclature of the different configurations is taken from Ref.?2.

site orientation  E}, yspo3-1/3x  Eb,HSE03-1/3X@RPBE
fec  J/1 12.3 115
//2 11.4 10.3
//3 12.3 11.4
1 26.9 30.1
top // 22.2 21.5
1 26.8 29.0
bridge // 29.4 31.1
1 19.4 22.7

Table S7: Barrier heights (in kJ/mol) obtained self-consistently and non-self-consistently for three of
the five difficult systems (see Figure 1). All calculations are performed for a 2 x 2 supercell, 8 x 8 x 1

k-point grid and a kinetic energy cut-off of 400eV.

System DF Eypr Fyonseos1/sxapr Epuseos-1/2xapr EbpBE W — Fea (V) Excess charge (e™)
Al(111) + O2 RPBE 0.1 12.5 29.9 - 3.857 0.332
Au(111) + HC1”™ RPBE-vdW-DF1 85.1 106.2 122.9 72.9 5.844 0.318
Ru(0001) + NH3®° RPBE-vdW-DF1 68.6 53.8 60.6 38.7 6.297 0.348

Table S8: Excess charge at the molecule for the T'S compared to a neutral molecule for several systems

obtained with the Bader charge decomposition scheme.

System DF W — Ees (eV)  Excess charge (e™)
Al(111) + Oq HSE03-1/3X 3.857 0.332
Ni(111) + H,0%  SRP32-vdW-DF1 5.421 0.472
Au(111) + HCI*¥?  RPBE 5.844 0.348
Ru(0001) + NH3%° SRP32-vdW-DF1 6.297 0.348
Cu(111) + H,® SRP48 8.055 0.229
Pt(111) + Hy® PBEa57-vdW-DF2 9.065 -0.047
Ni(111) + CH,4” SRP32-vdW-DF1 10.99 0.241
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