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We present a literature collection of experimental adsorption energies over late transition metal surfaces for
systems where we believe the energy measurements are particularly accurate, and the atomic-scale adsorption
geometries are particularly well established. We propose that this could become useful for benchmarking
theoretical methods for calculating adsorption processes. We compare the experimental results to six commonly
used electron density functionals, including some (RPBE, BEEF-vdW) which were specifically developed to treat
adsorption processes. The comparison shows that there is ample room for improvements in the theoretical
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1. Introduction

The application of computational methods such as density function-
al theory (DFT) calculations to the description of surface-adsorbate
bond strength is ever increasing. Often these adsorption energies are
used to estimate solid catalysts in thermal and/or electrochemical reac-
tions. The rapid rise in the number of DFT studies and their use in de-
scribing and understanding surface-adsorbate phenomena make the
accuracy of this type of calculation continuously more pertinent to ad-
dress [1,2]. While higher-level quantum chemical calculations are com-
monly used in homogeneous catalysis to benchmark results derived
from DFT, the evaluation of the reliability of DFT for describing for ex-
ample adsorption on transition metal surfaces is solely based on com-
parisons between either different DFT approximations or between DFT
and experiments. This is because systematic and higher-level adsorp-
tion calculations that are proven to give reliable adsorption energies
are still not accessible.

In order to benchmark the theoretical description of heterogeneous
catalytic reactions, we need to compare calculated and experimental
adsorption energies and reaction barriers of well-defined elementary
reaction steps occurring on transition metals and transition metal com-
pounds. Experimental methods to investigate these surface-adsorbate
bond strengths are mainly based on equilibrium adsorption studies [3,
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4], temperature programmed desorption (TPD) [3-5] and single crystal
adsorption calorimetry (SCAC) [3,6,7]. Until now, only few experimen-
tal adsorption data points have been used to benchmark density
functionals [8], and one challenge in obtaining a coherence between
theory and experiments for adsorption properties and reaction barriers
on surfaces is that the inherent uncertainties are relatively large, both
for experiments and theory [8].

In DFT simulations, one can define exactly the atomic-scale adsorp-
tion structure or elementary reaction process to be investigated, so for
a specific adsorption structure, uncertainties are primarily present as
variations between results of different exchange-correlation approxi-
mations used to calculate the electronic structure. When comparing
the simulations to experiments there is additionally the uncertainty of
whether one picked the correct experimental structure to simulate. In
the experiments, some uncertainties might arise from the specific
experimental setup and calibration techniques and the models used to
interpret the experimental data, but a considerable fraction of the un-
certainty arises from an uncertainty in exactly which reaction is being
observed and how cleanly it occurs. Specifically, in SCAC adsorption ex-
periments one must very carefully consider whether all the adsorbing
gas has undergone the dominant reaction expected based on surface
spectroscopic studies, or if some minor side reactions, surface defects
or impurities lead to errors in interpreting the measured heats. Since
the theoretical and experimental investigation of adsorption reactions
and surface reaction barriers gives very different (conjugated) informa-
tion and their uncertainties arise in different ways, we can in principle
learn a lot from the experiments about how to calibrate the theory,
while perhaps also learning from the theory about how to better cali-
brate the experiments. Such an iterative process has for example
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taken place with respect to the calculations and measurements of mo-
lecular atomization energies in the gas phase [9], and for such properties
there is today essentially a perfect correspondence between theory and
experiments. Ultimately we should aim to attain the same level of suc-
cess for describing adsorption phenomena and surface reactions. A pre-
requisite for such integration of theory and experiment for adsorption
properties is that the theoretical and experimental investigations be-
come systematic enough for varying surfaces and adsorbates. In this
paper we compile a coherent set of experimental data for adsorption en-
ergies of molecules on transition metal surfaces composed of 39 differ-
ent reactions measured over 10 different transition metal surfaces, and
compare them to results by six common DFT functionals. These data
include some of the most recent developments in adsorption energy
measurements, but are primarily a compilation and sometimes reinter-
pretation of existing published experimental data in light of more recent
literature with the aim of establishing a set of highly reliable experimen-
tal adsorption energies for well-characterized and relatively well-
understood systems. The adsorption energies have been calculated
here with six exchange-correlation density functionals including LDA
[10], PBEsol [11], PW91 [12], PBE [13], RPBE [8], and BEEF-vdW [14] to
assess the trends in their relative performance. We divide the adsorp-
tion reactions into two benchmark databases, for which the electronic
structure calculations exhibit qualitatively different systematic errors.
One database contains 25 reactions, where we claim that the adsor-
bate-surface interactions are predominantly characterized by strong
covalent bonds. The second database contains 14 reactions, where we
suggest the adsorbate-surface or adsorbate-adsorbate bonding has
large van der Waals contributions to the total adsorption energies.

To our knowledge, the only previous databases of experimental
adsorption energies that have been reported for the purposes of
benchmarking DFT have been tabulations that included 11 and 27 ener-
gies [8,14], and we have subsequently discovered that several of these en-
ergies had rather large calibration errors or were invalid. Those two
previous experimental benchmark data sets, while containing many tran-
sition metals, were limited to strongly bound diatomic and atomic species
(CO,NO, 0 [8] and CO, NO, O, H [14]). The 39-energy data set we present
here refines those lists, while adding weakly and strongly bound hydro-
carbon containing up to 18 atoms and iodine-containing species.

2. Methods

Density functional theory calculations were performed using the
Quantum ESPRESSO plane-wave code [15] and the Atomic Simulation
Environment (ASE) [16]. We used hard PAW pseudopotentials generat-
ed using the “atomic” code by Adllan and Dal Corso [17], except for the
case of Ru, where an ultrasoft pseudopotential from the GBRV project
was employed [18].

Associative and dissociative reactions on transition metal surfaces
were modeled using 4-layer metal slabs with at least 10 A vacuum be-
tween the surface species and the bottom of the repeated image of the
slab. A dipole correction was applied along the surface normal. The

Table 1

Plane-wave cutoff energy (in Rydbergs) and gamma-point centered Monkhorst-Pack k-
point grid at each step in the computational procedure. Slab models with three different
sizes in the surface plane were considered in this study, and a particular sequence of k-
point grids was chosen for each of them. The sequence for relaxing isolated molecules
matches the sequences for slab calculations in terms of plane-wave cutoff energy, but
samples the gamma-point only. The cutoff energy for plane-wave expansion of the
electron density was always 10 times the wave function cutoff.

2 x 2 slabs 3 x 3 slabs Molecules
Step 1 (S1) 40 Ry 40 Ry 40 Ry
(4x4x1) (2x2x1) (1x1x1)
Step 2 (S2) 50 Ry 50 Ry 50 Ry
(6x6x1) (4x4x1) (Ix1x1)
Step 3 (S3) 60 Ry 60 Ry 60 Ry
(8x8x1) (6x6x1) (Ix1x1)

two bottom metal layers were fixed in their bulk geometry (obtained
from self-consistently optimizing the bulk lattice constant with the
given functional) while the top-two layers and adsorbates were fully re-
laxed using the BFGS algorithm [19] and a force convergence criterion of
25 meV/A along all directions for all relaxing atoms. Clean slab models
were relaxed in a similar fashion. The electron temperature was
0.05 eV, and spin-polarization was employed for calculations involving
Fe, Ni, and Co. Calculations for isolated molecules were done by center-
ing the molecule in a supercell with at least 8 A vacuum to any supercell
boundary, and then fully relaxing the molecular geometry.

A range of different density functionals was used in this study and
for each of them we employed a step-wise procedure for obtaining a
well-converged first principles surface reaction energy. This procedure
consists of three steps each using a particular choice of plane-wave cut-
off energy and Brillouin zone [20] k-point grid depending on the slab
size (see Table 1). The computational load per self-consistent update
of the electron density increases significantly from the first to the last
set of settings (from Step 1 to Step 3), so applying them successively
allowed us to perform relatively cheap geometry optimizations while
maintaining reliability of the final reaction energies. Step 1 (S1) is an in-
expensive initial relaxation to geometry G1, while Step 2 (S2) takes the
atomistic geometry from G1 to its final state G2 in relatively few BFGS
steps. Further relaxation at Step 3 (S3) leads in general to no or negligi-
ble changes to geometries, so we consider G2 the fully converged
atomistic geometry. Step 3 is therefore a high-accuracy fixed-atoms cal-
culation at geometry G2, and it yields the final DFT total energies.

Fig. 1 illustrates how the computed surface reaction energies con-
verge towards a well defined value as the procedure outlined above
progresses from Step 1 to Step 3. While Step 1 is clearly insufficient
for high-accuracy calculations, Step 2 delivers great overall improve-
ments, especially for (3 x 3 x 4) slabs with benzene and atomic oxygen
adsorbates. It is also apparent from the figure that surface reaction ener-
gies on Ni are slightly underestimated at Step 1, whereas most Pt reac-
tion energies are larger at Step 1 than at Steps 2 and 3. At the final
computational step (Step 3) we expect all calculated surface reaction
energies to be no more than 0.1 eV different from the perfectly con-
verged (but computationally unattainable) value. This variation is
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Fig. 1. Convergence of a large range of surface adsorption energies with respect to the
three steps in the computational procedure. The adsorption energies obtained in each
step are compared to those computed with a 70 Ry plane-wave cutoff and even more
dense k-point grids than those used at Step 3. Calculations for Pt and Ni slabs are indicated
by red and green colors, respectively. The largest outliers at Step 1 appear to be benzene
adsorption on coinage metals, low-coverage O on Pt(111), and NH3 weakly bound to
Cu(100). This is most likely due to inadequate geometry optimization with the Step 1
settings, which are intended for a fast and inexpensive initial computational step.
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probably within experimental accuracy and has been shown to be com-
parable to the effect of increasing the number of slab metal layers in the
DFT calculations [21].

The DFT surface reaction energy of the generic process “AB + M — A/
M + B”, where AB is a gas-phase species, M denotes a metal surface,
and A/M and B are adsorbed and desorbed dissociation products, respec-
tively, is defined as

AE = E(products)-E(reactants) = E(A/M) + E(B)-E(AB)-E(M). (1)

The reaction energy, AE, is a negative quantity for a thermodynami-
cally exothermic process. However, low-temperature experimental sur-
face reaction energies contain vibrational zero-point energy (ZPE)
contributions that are not accounted for in the static-lattice DFT reaction
energy, Eq. (1). We calculated the ZPE for all considered systems with
only the PBE functional, using the harmonic approximation and finite
differences (£ 0.01 A displacements along each coordinate of each
atom in the adsorbate) to get the normal-mode frequencies. We use
these ZPEs to estimate the difference in ZPEs of products minus

reactants (AZPE). (These are listed in Table 3 below, and in Tables 4a
and 4b we subtract these from the experimental reaction energies,
resulting in “static-lattice” experimental energies that are directly
comparable to DFT.)

The functionals employed are LDA [10], PBEsol [11], PW91 [12], PBE
[13], RPBE [8], and BEEF-vdW [14]. Note that the BEEF-vdW density
functional was designed to yield not only accurate energy differences
in condensed matter studies, but also estimates of the errors on comput-
ed quantities. As illustrated in [2], random sampling of a probability dis-
tribution for fluctuations of the BEEF-vdW exchange-correlation model
parameters leads to an ensemble of different predictions of the same
quantity. The statistical variance of those predictions defines the
squared error estimate on the BEEF-vdW result, 03gg. This approach to
quantitative error estimation in DFT can be viewed as a structured
analysis of the sensitivity of DFT results to the choice of exchange-
correlation approximation. Furthermore, the energy ensemble is gener-
ated post-SCF from 30 non-self-consistent evaluations of the exchange-
correlation energy, so obtaining the BEEF-vdW error estimates is a
computationally cheap operation.

Table 2
Experimental enthalpies and energies of surface reactions upon gas adsorption, in kJ/mol as written.
#  Surface reaction Coverage Reaction enthalpy Temp. Reaction energy References Comments
(ML)? (kJ/mol)® (K)*  (KkJ/mol)
1 €O+ Ni(111) - CO/Ni(111) 1/4 —122 350 —-119 [5,7,29,30]
2 CO+Pt(111) - CO/Pt(111) 1/4 -120 340 —117 [714,[24,31-34]
3 CO+ Pd(111) - CO/Pd(111) 1/4 —143 450 —139 [35-42]
4  CO + Pd(100) — CO/Pd(100) 1/4 —155 430 —151 [43-45]
5 €O+ Rh(111) - CO/Rh(111) 1/4 —139 500 —135 [46-48]
6 CO+Ir(111) - CO/Ir(111) 1/4 —158 420 —155 [49]
7 €O+ Cu(111) - CO/Cu(111) 1/4 —53 130 —52 [50,51]
8 €O+ Ru(001) — CO/Ru(001) 1/4 —158 475 —154 [52,53]
9 CO + Co(001) » CO/Co(001) 1/4 —115 370 —112 [54]
10 NO + Ni(100) — N/Ni(100) + O/Ni(100) 1/8 —290 300 —288 [7]
11 NO + Pt(111) —» NO/Pt(111) 1/4 —114 300 —112 [55]4
12 NO + Pd(111) — NO/Pd(111) 1/4 -179 520 —175 [56]
13 NO + Pd(100) — NO/Pd(100) 1/4 —161 300 —159 [71¢
14 0, + Ni(111) - 20/Ni(111) 1/8 —480 100 —479 [7]
15 0 + Ni(100) — 20/Ni(100) 1/8 —530 300 —528 [7,57]
16 0O, + Pt(111) —» 20/Pt(111) 1/18 —208 515 —204 [55]4,[58,59]
17 0O, + Rh(100) — 20/Rh(100) 1/8 —358 300 —356 [7,57]
18 H, + Pt(111) - 2H/Pt(111) 1/8 —72 300 —70 [61,60]
19 H, + Ni(111) - 2H/Ni(111) 1/8 —94 370 -91 [63,64]
20 H, + Ni(100) — 2H/Ni(100) 1/8 —94 370 -91 [63,64]
21 Hy + Rh(111) - 2H/Rh(111) 1/8 —70 325 —67 [65]
22 H,+ Pd(111) - 2H/Pd(111) 1/8 —88 370 -85 [63,64]
23 1+ Pt(111) - I/Pt(111) 1/4 —230 0 —230 [66] Extrapolated to 0 K.
24 CHul, + Pt(111) —» CH/Pt(111) + H/Pt(111) + 2I/Pt(111)  1/12 —473 210 —471 [67]
25 CHsl + Pt(111) — CHy/Pt(111) + I/Pt(111) 1/25 —212 320 —209 [68]
26 NHs + Cu(100) — NHs/Cu(100) 1/4 —57 235 —55 [69]
27 CHsl + Pt(111) — CH5l/Pt(111) 1/4 —845 100 —83.7 [70]
28 CH3OH + Pt(111) — CH3OH/Pt(111) 1/4 —56 100 —55 [71]
29 CHy + Pt(111) — CH4/Pt(111) 1/2 —15 63 —14.5 [72] Methane
30 CyHg + Pt(111) — CoHg/Pt(111) 1/3 —285 106 —276 [72] Ethane
31 GC3Hg + Pt(111) — C3Hg/Pt(111) 1/4 —413 139 —40.1 [72] Propane
32 C4Hyo + Pt(111) — C4Hyo/Pt(111) 1/5 —50.8 171 —494 [72] n—butane
33 CeHg + Pt(111) — CgHg/Pt(111) 1/9 —164 300 —162 [31,73] Benzene
34 CgHg + Cu(111) —» CgHg/Cu(111) 1/9 —68 225 —66 [74,75] Benzene
35 CgHg + Ag(111) — Ce¢Hg/Ag(111) 1/9 —63 210 —61 [76] Benzene
36 CgHg + Au(111) — CgHg/Au(111) 1/9 —-72 230 —70 [77] Benzene
37 CeHyo + Pt(111) — CgHqo/Pt(111) 1/9 —122 100 —121 [62] Cyclohexene
38 D,0 + Pt(111) — D,0O/Pt(111) ~2/3 —51.3 120 —50.3 [26] Hexagonal network, big islands
39 D,0 + %0/Pt(111) — %4(D,0--0D)/Pt(111) 1/2 —574 150 —56.2 [27]

See more extensive table in Supplementary data for details on individual values that went into these averages.
@ These coverages are defined here as the number of reacted gas molecules in the reaction as written per metal surface atom. For the dissociative chemisorption of a diatomic molecule, a

coverage of “1/8” thus means that there will be 1 atomic adsorbate per 4 metal surface atoms.

" These are the enthalpy changes for the reaction per mole of reacted gas as written, integrated from zero coverage of the reacted gas up to its listed coverage. The enthalpy changes are
converted to changes in internal energy by adding the small correction of +RT (=+2.5 kJ/mol at 300 K).

¢ The temperatures reported here represent the average temperature at which experiments were performed, or for TPD experiments, the temperature that yields the highest desorption
rate, unless otherwise noted. For systems where multiple references are given, the temperature is taken as the average from all experiments cited.

4" This entry was corrected from the original value reported as described in the text.
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3. Results
3.1. Establishing the experimental database

We start by establishing the experimental database of reaction ener-
gies. These were taken entirely from SCAC, TPD, and measurements of
equilibrium adsorbate coverages as a function of gas pressure and sur-
face temperature (EAI). Previously established data sets, while contain-
ing many transitions metals, were limited to strongly bound diatomic
and atomic species (CO, NO, O [8] and CO, NO, O, H [14]).

The database we present here refines the list presented in those earlier
publications, while adding weakly and strongly bound hydrocarbon and
iodine containing species. In order to ensure that only the most reliable
experimental energies are included here, we have omitted any references
where invalid assumptions were made in the data analysis (e.g. assuming

a pre-exponential factor in TPD that is inconsistent with those determined
experimentally for closely related systems) or where the analysis of raw
data that is qualitatively similar to other studies of the same or closely
related systems provided energetics that differ significantly from the con-
sensus in the literature. Studies have also been omitted if surface coverage
or the coverage dependence of adsorption energies was not clearly deter-
mined. In selecting TPD data, we used only data that had been analyzed by
the methods that have been assessed to be the most accurate, as deter-
mined in a careful study of different methods [22].

Table 2 contains adsorption enthalpies and energies and surface
temperatures that are averages of values reported in the listed refer-
ences. For a complete list of experimental values used here, see
Table S1 in Supplementary data.

It was necessary to recalibrate reported data from several SCAC stud-
ies of adsorbates on platinum surfaces and the Pd(100) facet [7]. It was

Table 3
Theoretical surface reaction energies, in kj/mol as written®®.
#  Surface reaction Adsorbate coverage AZPEviaPBE LDA®  PBEsolY PwW91Y PBE®  RPBE! BEEF-vdWY Opg®
as written ¢
1 CO + Ni(111) — CO/Ni(111) 1/4 4.7 —268 —221 —177 —175 —140 —146 17
2 CO + Pt(111) — CO/Pt(111) 1/4 7.5 —213 —184 —156 —156 —136 —133 21
3 CO+Pd(111) - CO/Pd(111) 1/4 55 —268 —229 —188 —175 —153 —156 20
4 CO + Pd(100) — CO/Pd(100) 1/4 6.1 —255 =217 —181 —164 —154 —150 14
5 CO + Rh(111) - CO/Rh(111) 1/4 7.4 —244 214 —185 —184 —163 —162 11
6 CO + Ir(111) - CO/Ir(111) 1/4 8.6 —244 216 —190 —-189 —169 —170 14
7 €O+ Cu(111) — CO/Cu(111) 1/4 49 —132  —103 —-75 —-73  —56  —55 14
8 CO + Ru(001) — CO/Ru(001) 1/4 7.1 —240 -—212 —184 —182 —162 —162 13
9 CO + Co(001) — CO/Co(001) 1/4 6.8 —234 —-193 —162 —148 —137 —138 14
10 NO + Ni(100) — N/Ni(100) + O/Ni(100) 1/4 114 —578 —488  —429 —401 —375 —370 44
(separated)"
11 NO + Pt(111) - NO/Pt(111) 1/4 6.6 —276  —219 —177 —166 —148 —149 17
12 NO + Pd(111) - NO/Pd(111) 1/4 6.8 —315 —258  —217 —202 —188 —186 15
13 NO + Pd(100) — NO/Pd(100) 1/4 4.1 —311 —250 —204 —185 —172 —174 16
14 0Oy + Ni(111) - 20/Ni(111) 1/8 6.2 —566 —488 —456 —444 —393 —418 43
15 0y + Ni(100) — 20/Ni(100) 1/8 25 —641 —555 —510 —465 —444 —471 38
16 0, + Pt(111) - 20/Pt(111) 1/18 44 —313 —241 —218 —206 —159 —190 43
17 0, + Rh(100) — 20/Rh(100) 1/8 —0.6 —552  —470 —421 —368 —355 —387 38
18 H, + Pt(111) — 2H/Pt(111) 1/8 1.7 —160 —129 —94 —-79 —66 —48 21
19 H, + Ni(111) - 2H/Ni(111) 1/8 8.5 —184 —144 —107 —104 —79 —64 17
20 H, + Ni(100) — 2H/Ni(100) 1/8 —44 —182 —145 —102 -85 —68 —56 17
21 H; + Rh(111) - 2H/Rh(111) 1/8 4.8 —180 —148 —112 —112 —84 —67 15
22 H,+ Pd(111) - 2H/Pd(111) 1/8 52 —184 —151 —116 —-91 —88 —67 18
23 I+ Pt(111) — 2I/Pt(111) & 1/8 14 —376 —329 —269 —251 —229 —269 38
24 CHplp + Pt(111) - CH/Pt(111) + H/Pt(111) + 2I/Pt(111) 1/4 —15.6 —521 —453 —363 —333 286 —340 66
(separated)"
25  CHsl 4 Pt(111) — CHs/Pt(111) + I/Pt(111) 1/4 0.0 —240 —200 —159 —140 —114 —164 22
(separated)"
26 NHj3 + Cu(100) - NH5/Cu(100) 1/4 55 —87 —60 —42 -39 —36 —41 19
27  CHsl + Pt(111) — CH3l/Pt(111) 1/4 —0.02 —76 —49 —26 —23 —16 —36 19
28 CH30H + Pt(111) — CH30H/Pt(111) 1/4 0.02 —70 —37 —20 —17 —16 —31 20
29 CH4 + Pt(111) — CH4/Pt(111) 1/4 —0.6 —-21 -5 -3 -2 -1 —15 13
30 GHg + Pt(111) — CHg/Pt(111) 1/9 —05 —43 —15 -5 -3 -3 =21 18
31  C3Hg + Pt(111) — C3Hg/Pt(111) 1/9 —08 —-63 —23 -6 -5 —4  —29 23
32 C4Hqo + Pt(111) — C4Hy/Pt(111) 1/9 —-15 —81 —33 -9 -7 —6 —38 28
33  CgHg + Pt(111) — CgHg/Pt(111) 1/9 —04 —265 —193 —90 —89 —10 —76 52
34 CgHg + Cu(111) — CgHg/Cu(111) 1/9 —04 77 —35 —27 —23 —20 —82 79
35 CgHs + Ag(111) — CeHg/Ag(111) 1/9 —0.1 —61 —14 —6 5 10 —21 39
36 CgHg + Au(111) — CgHg/Au(111) 1/9 —03 -39 4 17 20 22 —18 30
37 CgHio + Pt(111) = CgHyo/Pt(111) 1/9 22 —-177  —125 —74 -70 —23 -85 26
38 H,0 + Pt(111) — H,0/Pt(111) 1/4" 5.0 —-63 —37 —21 —19 -5 =21 15
39 H,0 + 1%40/Pt(111) — %4(H,0--OH)/Pt(111) 121 938 —122 -85 —62 —-59 —30 —52 24

@ These are the energy changes for the reaction per mole of reacted gas as written, integrated from zero coverage of the reacted gas up to its listed coverage.
See Supplementary data for side and top view of calculated structures.
Coverages here are defined as in Table 2, i.e., the number of reacted gas molecules in the reaction as written per metal surface atom, except as otherwise noted.
DFT calculated reaction energies, not including ZPE corrections.
The BEEF-vdW error estimate for each surface reaction is indicated in the last column, labeled “Oggg”. See text for explanation.
In these reactions where two or more different adsorbates are produced, each adsorbate was calculated separately at the stated coverage of that adsorbate alone, and then the energies

- n a n o

of these separated adlayers were properly summed. Thus, the local coverages here are different from those reported in Table 2, but chosen to get the computations done within reasonable
timeframes.
& (Calculated values for this reaction are referenced to molecular I, gas, instead of an iodine radical as used in Table 2. Using I,(gas) as the reactant together with the experimental zero-
Kelvin dissociation energy of I, gas (148.5 kJ/mol) [78] changes the experimental value from Table 2 t0 AEexpimental = 2 * =230 kJ/mol + (148.5 kJ/mol) = -312 k]/mol, for direct com-
parison to these numbers.
" The coverage of reaction 36 is different from that reported in Table 2.
I This is the same structure as in Fig. 1c of reference [79].
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originally proposed [23], and later corroborated [24], that the reported
heats of adsorption for Pt surfaces from the review by Brown et al. [7]
require a correction factor of 0.71 due to the use of an incorrect optical
reflectivity for Pt (which had been reported incorrectly in the prior liter-
ature) during data analysis of the reference heats used for calibration.
For a more detailed discussion, see reference [24]. For the Pd(100) sur-
face, we found that the reported heats of adsorption for CO from SCAC
were 26 kJ/mol lower than very reliable experimental studies by other
methods, which we believe resulted from the same type of error in op-
tical reflectivity (taken from the same prior literature source). From this,
we estimated that a correction factor of 1.19 is needed for SCAC values
on Pd(100) (161 kJ/mol/135 kJ/mol) and applied it to the SCAC data
from the same group for NO/Pd(100) system. Temperature pro-
grammed desorption (TPD) data for benzene on Cu(111), Ag(111),
and Au(111) were also reanalyzed using an improved pre-exponential
factor of 10'> s~ ! following the report by Campbell and Sellers [25],
leading to the improved energies reported in Table 2. The TPD measure-
ments actually give desorption energies. For these, we only used sys-
tems with large enough sticking probabilities that any real activation
barrier to adsorption is less than 3 kJ/mol (and usually much closer to
0), and corrected them to adsorption energies with the usual ¥2 RT
(see Supplementary data).

For several of the adsorbate systems listed in Table 2, adsorbate-
adsorbate interactions lead to the formation of islands with known sur-
face structures. The hexagonal network structure of D,0 [26] and the
(V3 x V3)R30 of (D,0 — OD) [27] on Pt(111) are well established in
the literature. The structures of adsorbed saturated hydrocarbons (e.g.

CyHg, C3Hg) on Pt(111) have been extrapolated from the island struc-
ture determined for octane on Pt(111) [28]. Based on this structure,
CnH2n + 2 chains in a saturated island structure occupy n + 1 surface
sites.

Table 2 shows the database of experimentally measured adsorption
energies and reactions on transition metal surfaces. Adsorption energies
with multiple references are averages of the values reported (see
Table S1 in Supplementary data for complete list of adsorption energies
from all references).

3.2. Performance of DFT functionals

Table 3 shows the calculated reaction energies without ZPE correc-
tions for a variety of density functionals which are commonly used for
the description of bulk materials and surface reactions. The reaction
ZPE corrections are also shown in Table 3 (AZPE, the difference in ZPE
between products minus reactants calculated with PBE). In order to es-
tablish a useful benchmark set of experimentally defined adsorption
systems, we subtract the calculated AZPE contributions from the exper-
imental reaction energies from Table 2. This value of AEey, — AZPE is
shown in Tables 4a and 4b for the benchmark set of reactions. This
choice of modifying the experiment with the calculated AZPE makes it
possible to directly compare the theoretically obtained reaction ener-
gies to the benchmark data.

A closer look at Table 2 shows that the reactions considered are rath-
er different in nature. Reactions 1-25 are molecular and dissociative ad-
sorption processes where strong surface-adsorbate bonds are formed.

Table 4a
Errors in theoretical surface reaction energies for reactions leading to strongly covalently adsorbed species, i.e. chemisorbed systems (in kJ/mol as written).
# Surface reaction AEeyp, - AZPE®  Surface reaction energy errors (kJ/mol) (negative = overbinding) Weight”
LDA PBEsol PW91  PBE RPBE  BEEF-vdW  Opgge
1 CO + Ni(111) - CO/Ni(111) —124 —144 —-97 —53 —51 —16 —22 17 1
2 CO + Pt(111) —» CO/Pt(111) —124 —88 —60 —-32 —-32  —12 -8 21 1
3 CO + Pd(111) - CO/Pd(111) —144 —124 —84 —44 —30 -8 —12 20 1
4 CO + Pd(100) - CO/Pd(100) —157 —98 —60 —24 —7 3 7 14 1
5 CO + Rh(111) — CO/Rh(111) —142 —102 —72 —43 —42 -21 —-20 11 1
6 CO + Ir(111) - CO/Ir(111) —164 —80 —52 —26 —25 -5 —6 14 1
7 CO + Cu(111) - CO/Cu(111) —57 —75 —46 —18 —16 1 2 14 1
8 CO + Ru(001) — CO/Ru(001) —161 —79 —51 —23 —21 -1 -1 13 1
9 CO + Co(001) - CO/Co(001) —-119 —115 —74 —43 -29 —-18 -—19 14 1
10 NO + Ni(100) — N/Ni(100) + O/Ni(100) —299 —-279 —189 —130 —-102 —-76 —71 44 05
11 NO + Pt(111) — NO/Pt(111) —119 —157 —100 —58 —47 —29 —30 17 1
12 NO + Pd(111) - NO/Pd(111) —182 —133 —76 -35 —20 —6 —4 15 1
13 NO + Pd(100) — NO/Pd(100) —163 —148 —87 —41 —22 -9 -1 16 1
14 0, + Ni(111) — 20/Ni(111) —485 —81 -3 29 41 92 67 43 05
15 0, + Ni(100) — 20/Ni(100) —530 —110 —24 20 66 86 60 38 05
16 0, + Pt(111) - 20/Pt(111) —208 —105 —33 —10 2 49 18 43 05
17 0, + Rh(100) - 20/Rh(100) —355 —197 —115 —66 —13 0 -32 38 05
18 H, + Pt(111) — 2H/Pt(111) —72 —88 —57 —-22 —7 6 24 21 05
19 H, + Ni(111) — 2H/Ni(111) —100 —84 —44 -8 —4 20 36 17 05
20 H, + Ni(100) — 2H/Ni(100) —87 —95 —58 —15 2 19 31 17 05
21 H, + Rh(111) - 2H/Rh(111) —72 —108 —76 —40 —40 —12 5 15 05
22 H, 4+ Pd(111) — 2H/Pd(111) —90 —94 —61 —26 -1 2 23 18 05
23 I + Pt(111) — 2I/Pt(111) —313 —63 —16 44 62 84 44 38 05
24 CHyl, + Pt(111) —» CH/Pt(111) + H/Pt(111) + 21/Pt(111) —455 —66 2 92 122 169 115 66  0.25
25 CHsl + Pt(111) — CH3/Pt(111) + I/Pt(111) —209 —31 9 50 69 95 45 22 05
Error averages for chemisorption reactions (kJ/mol) (Reactions 1-25)
Surface reaction energy errors:
MSE —109.8 —61.0 —20.8 —58 16.6 9.6
MAE 109.8 61.9 39.7 35.0 337 285 243
RMSE 119.9 73.3 47.5 46.2 53.7 388
Reaction energy errors per adsorbed fragment:
Weighted MSE® —81.1 —477 =201 —11.0 4.2 12
Weighted MAE® 81.1 48.1 27.7 23.1 17.1 16.0 154
Weighted RMSE® 91.4 574 322 27.8 23.9 18.8

¢ Experimentally determined reaction energies (from column 6 in Table 2) where the theoretically calculated AZPE from PBE (column 4 in Table 3) is subtracted.
b The weighted errors have been chosen so that the error expresses the mean DFT errors on a “per adsorbed fragment” basis thus reflecting the DFT energy errors on a per surface-

adsorbate bond basis.
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Reactions 26-39 on the other hand involve a large contribution from
closed shell adsorbates so that van der Waals interactions dominate
bonding or contribute to a large extent. It is quite revealing to observe
the performance of the various functionals for these adsorption process-
es in more detail. Thus, comparison of the overall performance of the
various density functionals with respect to the ZPE-corrected experi-
mental reaction energies is shown in Table 4a for chemisorbed systems
(reactions 1-25) and Table 4b for systems where vdW interactions
make a large contribution to the total adsorption energy (reactions
26-39).

Average surface reaction energy errors are computed in terms of the
mean signed error (MSE), the mean absolute error (MAE), and the root-
mean squared error (RMSE). These statistics are shown in Tables 4a and
4b. Tables 4a and 4b also contain weighted average error quantities,
where the weights (last column in both tables) have been chosen
such that the weighted average expresses the mean DFT errors on a
“per adsorbed fragment” basis. These averages are intended to reflect
the DFT energy error on a “per surface-adsorbate bond” basis. These
weighted error averages are also illustrated in Fig. 2. For comparison,
the average reaction energy (AEex, — AZPE) for all 25 chemisorption re-
actions in Table 4a is — 127 k]/mol, but only — 66 k]/mol for the 14 reac-
tions with large van der Waals contributions in Table 4b.

Inspection of Table 4a, where the errors for chemisorption processes
(reactions 1-25) are shown, reveals that PW91 overbinds most
chemisorbed systems significantly. PBE still overbinds, but performs
somewhat better, whereas both RPBE and BEEF-vdW that have been
fitted to describe surface adsorbate bonds perform best.

When considering energies that have large contributions from van
der Waals interactions (Table 4b, reactions 26-39), it is noted that the
strong overbinding of the PW91 functional leads also to a better descrip-
tion of the systems with large vdW contributions compared to RPBE,
which does not overbind in general. RPBE performs quite well for all
chemisorbed systems for which it was optimized, but fails badly for spe-
cies with large vdW contributions. BEEF-vdW, a functional that is simi-
lar to RPBE but includes the Langreth-Lundqvist non-local correlation

Table 4b

[80], shows reasonable performance for both systems with and without
large vdW contributions (see Tables 4a and 4b and Fig. 2).

In general, however, it can be noticed that the MAE and RMSE errors
of chemisorbed systems (Table 4a and Fig. 2a) of the various functionals
decrease from LDA > PBEsol > PW91 > PBE > RPBE > BEEF-vdW, with
the BEEF-vdW functional showing errors of 16.0 kJ/mol (MAE) and
18.8 kJ/mol (RMSE). For systems with large contributions from van
der Waals interactions, RPBE performs worst, followed by PW91 and
PBE, with BEEF-vdW showing the smallest errors (28.5 for MAE and
36.0 for RMSE). Overall, it seems that reactions involving NO, O,, and
benzene are particularly poorly described. For NO, all functionals predict
too strong binding, while for O, too weak dissociative chemisorption is
predicted. Benzene chemisorption for the reactive Pt(111) surface is
particularly poor for all functionals except PBEsol. LDA overbinds rather
strongly while all other functionals predict a too weak chemisorption
energy ranging from + 72 kj/mol (PW91) to 4 152 kJ/mol (RPBE).
While part of this discrepancy is due to missing description of disper-
sion forces, we note that even BEEF-vdW underestimates the binding
by 86 kJ/mol.

One does not yet know exactly how to classify surface reactions into
these two classes, since there is no well-defined way to know what con-
tribution to the adsorption energy really comes from van der Waals in-
teractions. Consider, for example, reactions 23-24 where two adsorbed
iodine adatoms are products (as written in the calculated reactions of
Tables 3-4b). Since iodine atoms are large, the contribution of van der
Waals interactions to the heat of adsorption of two of these may be
large. So it is somewhat unclear to which group these two reactions
belong.

Finally, we note that the BEEF-vdW error estimates, second last
column of Tables 4a and 4b, reproduce the BEEF-vdW prediction er-
rors reasonably well. Slightly more than half of the observed errors
are numerically larger than the corresponding error estimate, and
4 of the 39 observed errors are more than twice as large as the
error estimate. This is slightly more than expected for a normal dis-
tribution, and it indicates that the error estimate is slightly smaller

Errors in theoretical surface reaction energies for reactions where the adsorbate bonding is estimated to have large contributions from dispersion interactions, i.e., primarily involving

weakly interacting closed shell adsorbates (in kJ/mol as written).

# Surface reaction AEyp — AZPE? Surface reaction energy errors (kj/mol) (negative = overbinding) Weight”
LDA PBEsol PW91 PBE RPBE BEEF-vdW OBEE

26 NH3 + Cu(100) — NH3/Cu(100) —60 —26 0 18 22 24 20 19 1

27 CHsl + Pt(111) — CHsl/Pt(111) —84 8 35 58 61 68 48 19 1

28 CH50H + Pt(111) — CH30H/Pt(111) —55 —15 18 35 38 39 24 20 1

29 CH4 + Pt(111) — CH4/Pt(111) —14 -7 9 11 12 13 —1 13 1

30 CyHg + Pt(111) — CoHg/Pt(111) —27 —16 12 22 24 24 6 18 1

31 C3Hg + Pt(111) — C3Hg/Pt(111) -39 —24 16 33 34 35 10 23 1

32 C4Hip + Pt(111) — C4Hy0/Pt(111) —48 —33 15 49 41 42 10 28 1

33 CgHg + Pt(111) — CgHg/Pt(111) —162 —103 —31 72 73 152 86 52 1

34 CgHg + Cu(111) — CgHg/Cu(111) —66 —11 31 39 43 46 —16 79 1

35 CeHe + Ag(111) —» CsHe/Ag(111) —61 0 47 55 66 71 40 39 1

36 CeHs + Au(111) — CgHg/Au(111) —70 31 74 87 90 92 52 30 1

37 CgHip + Pt(111) — CgHyo/Pt(111) —123 —54 -2 49 53 100 38 26 1

38 H,0 + Pt(111) — H,O/Pt(111) —55 -8 18 34 36 50 34 15 1

39 H,0 + 150/Pt(111) — %5(H,0--OH)/Pt(111) —66 —56 —19 4 7 36 14 24 1

Error averages for reactions with large contribution from vdW attractions (kJ/mol) (Reactions 26 —39)

Surface reaction energy errors:

MSE —22.5 15.9 39.7 42.8 56.6 26.0

MAE 28.0 234 39.7 42.8 56.6 285 289

RMSE 385 29.9 454 484 67.0 36.0

Reaction energy errors per adsorbed fragment:

Weighted MSE" —225 15.9 39.7 42.8 56.6 26.0

Weighted MAE" 28.0 234 39.7 42.8 56.6 285 289

Weighted RMSE” 385 29.9 454 484 67.0 36.0

¢ Experimentally determined reaction energies (from column 6 in Table 2) where the theoretically calculated AZPE from PBE (column 4 in Table 3) is subtracted.
b The weighted errors have been chosen so that the error expresses the mean DFT errors on a “per adsorbed fragment” basis thus reflecting the DFT energy errors on a per surface—

adsorbate bond basis.
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Fig. 2. Comparison of the accuracy of the different density functionals relative to the exper-
imental data of Table 2 for two different data sets: (A) purely chemisorbed systems where
van der Waals (vdW) interactions contribute little to the adsorption energy (Reactions 1-
25), and (B) systems where vdW interactions are thought to contribute a large amount to
the adsorption energy (due to large contributions from closed-shell adsorbates, Reactions
26-39). For each data set, the bars illustrate the weighted mean standard error (MSE, red
bars, which includes the sign of the error in the average, the weighted mean absolute
error; MAE, white bars, which uses absolute values without signs) and the weighted
root mean squared error (RMSE, gray bars).

than it should be. This most likely occurs since the benchmark ad-
sorption set presented here is slightly more diverse than what the
functional was fitted to. However, the error estimate is certainly
the right order of magnitude, and as illustrated in Ref. [2], the
BEEF-vdW error estimates may therefore be very useful in computa-
tional surface science studies, and are essentially available free of
cost once each self-consistent DFT calculation is done.

It is interesting to further discuss the classes of reactions that show
larger errors. The error in chemisorption energies could be due to a
poor description of surface-adsorbate bonds, the adsorbate itself in

Table 5
Errors in theoretical gas-phase reaction energies (in kj/mol).

the gas-phase or both. It has been found that rather simple gas-phase
molecules such as O, and CO,, are poorly described by some functionals
[24,81-83]. The problem seems to be located in the description of
double and triple bonds of gas-phase molecules while fully hydrogenat-
ed derivatives of these molecules are usually described rather well.
Table 5 shows the error for 5 theoretical gas-phase reactions (1g-5g) in-
volving NO, O, CO, N5, and benzene.

It is interesting to note that the functionals investigated here show
quite different performance for the various gas-phase reactions. LDA
predicts too large reaction energies with Reaction 3g involving O,
being closest to the experimental value. PBEsol is similar to LDA, but
somewhat improved. PW91, PBE, RPBE, and BEEF-vdW all perform rath-
er differently for the various reactions. PW91 and PBE are accurate for
NO and benzene, RPBE for CO and N, and BEEF-vdW underestimates
all reaction energies by at least 30 kJ/mol. For some reaction energies,
e.g. Reaction 3g involving O,, the error is so large that corrections to
the O, molecule became a standard way of addressing this issue for
the RPBE [81] and BEEF-vdW [24] functional. If one assumes that the
majority of the error in these reaction energies lies in the description
of the gaseous molecules having double and triple bonds, an interesting
question arises. How is the performance of the various functionals for
surface reaction energies if we avoid use of gas-phase molecules with
double and triple bonds? To do this, all adsorption energies for mole-
cules with double or triple bonds in Tables 2-4b were recalculated rel-
ative to the corresponding hydrogenated gas-phase molecule instead.
For example, H,0 has been used in place of %20, g5 (minus Hy gas). Like-
wise, CH4 and H,0 have been used instead of CO, NH3 and H,O instead
of NO, and 2 NH5 instead of N,. Cyclohexane has been used instead of
benzene to avoid dealing with the aromatic system in gas phase. Thus,
in Reaction 14 for example, which is 20, + Ni(111) - O/Ni(111),
DFT was used to calculate the energy for the alternate reaction
H,0 + Ni(111) — O/Ni(111) + H,, and then that value was corrected
by subtracting the experimental literature value for the reaction
H,0 — Hy + 1/2 O, to arrive at the value tabulated here. This compari-
son is shown in Table 6 for a subset of Tables 2-4b containing CO, NO,
05, N, and benzene adsorption energies, where the errors of this alter-
nate theoretical description are shown.

As can be seen in Table 6, the corrections have both a positive and
negative influence on the description of surface reaction energies. Pre-
dictions of reaction energies involving CO for example improve signifi-
cantly for LDA and PBEsol and also somewhat for PW91 and PBE. They
worsen the description derived with the RPBE and BEEF-vdW function-
al, however. For the latter, a significant deviation from the experimental
values is observed. This may not be surprising, as both RPBE and BEEF-
vdW have been fitted to experimental values using uncorrected
energies (i.e., relative to gas-phase molecules with double and triple
bonds), so that a correction ought to make the predictions worse. A sim-
ilar trend can be observed for the corrected reaction energies involving
NO. For O,, however, an improvement is achieved even for RPBE and
BEEF-vdW (see Table 6). Interestingly, for benzene, values improve sig-
nificantly for all functionals if the reaction energies are taken relative to
gas-phase cyclohexane and H,, with PBEsol and BEEF-vdW predicting
values close to experiments. In general, large part of the behavior of
the various functionals relates to a poor description of some gas-phase

# Gas-phase reaction Benchmark (kJ/mol)* Reaction energy errors (kJ/mol as written)
LDA PBEsol PW91 PBE RPBE BEEF-vdW
1g CO + 3H, - CHs + Hy0 —272 —105 —63 —30 —27 9 37
2g NO + 5/2 H, — NH3 + H,0 —437 —79 —28 2 7 41 59
3g 03 + 2H; = 2H,0 —529 —25 21 41 46 73 82
4g N, + 3H, — 2NHs3 —163 —125 —78 —41 —37 2 29
5g CeHg + 3Hy - CsHin —285 —78 —28 18 20 65 74

2 Computed from benchmark CCSD(T) atomization energies from [84], except for Reaction 5g, where benchmark zero-Kelvin formation energies from the G3/99 test set were used [85].
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Table 6

Errors in theoretical prediction of surface reaction energies when comparing to hydrogenated gas phase reactants to avoid DFT errors in gas molecules with double and triple bonds and

aromaticity, in kJ/mol as written.

# Reference corrected surface reaction energies (kJ/mol as written) Errors (kJ/mol as written)
Surface reaction AEexp — AZPE — AE eact LDA PBEsol PW91 PBE RPBE BEEF-vdW
1 CO + Ni(111) — CO/Ni(111) 148 -39 —34 —-23 —24 —25 —59
2 CO + Pt(111) — CO/Pt(111) 148 16 4 -2 —4 —-20 —46
3 CO + Pd(111) — CO/Pd(111) 128 —18 —22 —14 —4 —18 —48
4 CO + Pd(100) — CO/Pd(100) 115 7 3 6 20 —6 -30
5 CO + Rh(111) - CO/Rh(111) 130 3 -9 —13 —15 —-30 —57
6 CO + Ir(111) — CO/Ir(111) 108 25 11 4 2 —14 —43
7 CO + Cu(111) - CO/Cu(111) 215 30 17 12 11 -8 -35
8 CO + Ru(001) — CO/Ru(001) 111 26 12 7 6 —10 —38
9 CO + Co(001) — CO/Co(001) 153 —10 —11 —13 -2 —27 —56
10 NO + Ni(100) — N/Ni(100) + O/Ni(100) 138 —199 —161 —132 —108 —116 —129
11 NO + Pt(111) — NO/Pt(111) 318 —77 —72 —60 —53 —69 —88
12 NO + Pd(111) - NO/Pd(111) 255 —53 —48 —37 —26 —46 —62
13 NO + Pd(100) - NO/Pd(100) 274 —68 —59 —43 —28 —49 —69
14 0, + Ni(111) = 20/Ni(111) 44 —56 —24 —12 -5 19 —15
15 0, + Ni(100) — 20/Ni(100) -2 —86 —46 —20 20 14 —22
16 0, + Pt(111) = 20/Pt(111) 321 —80 —54 —51 —22 —24 —64
17 0, + Rh(100) — 20/Rh(100) 174 —172 —136 —107 —59 73 —114
33 CeHs + Pt(111) — CgHg/Pt(111) 123 —26 -3 54 52 86 12
Weighted MSE —26.7 —234 —15.7 —84 —18.1 —439
Weighted MAE 38.6 28.6 24.9 19.7 29.5 45.3
Weighted RMSE 47.2 379 325 26.2 373 49.9

species. After correction schemes are used most of the GGAs perform
better, while this improvement is not generally observed for BEEF-
vdW as it was fitted to both gas-phase and adsorption energy data sets.

4. Conclusions

In summary, we have presented what we consider the most reliable
collection of experimental reaction energies involving surface-
adsorbate bonds chosen for benchmarking computations existing to
date. The database consists of 39 reaction energies and exhibits 10 dif-
ferent transition metals as well as a large variety of adsorbates forming
various metal-N, -0, -C, -H, and -I bonds. We tested a selected set of DFT
functionals against the experimentally obtained data and found that the
performance of the functionals varies significantly. Both PW91 and PBE
overestimate chemisorption energies for strong covalently bound ad-
sorbates. When considering larger adsorbates with large van der
Waals bonding contributions to the adsorption energy, the intrinsic
overbinding of PW91 and PBE, which do not contain non-local correla-
tion terms, compensate to some extent for the missing description of
dispersion forces. RPBE performs very well for the strongly adsorbed
systems, for which it was fitted, but fails considerably for species with
large vdW contributions. Care has to be taken in the choice of compari-
son as PW91 and PBE functionals could be perceived as performing well
on a mixed database of adsorption energies, where some adsorbates
have large van der Waals contributions, although their “perceived rea-
sonable” performance stems from their systematic overbinding com-
pensating for their lack of van der Waals contributions. It should be
stressed that even with this compensation neither PW91 nor PBE yields
accurate results for vdW bonded systems. Overall, the BEEF-vdW seems
to perform most satisfactorily among the selected functionals, in that it
performs at the same level of accuracy as the RPBE functional for strong
covalent chemisorption, while also performing quite reasonably for
systems where vdW interactions are thought to contribute a large
amount to the energy. It should be noted that there are other vdW-
functionals that also yield satisfactorily results for vdW bonded systems
[86,87]. The benchmarking of these functionals, however, is out of the
scope of the present paper. It is clear that large errors still persist for a
variety of reactions considered here and that significant systematic im-
provements are desirable. For PW91 and PBE, improvements are possi-
ble with the correction of ill-described gas-phase molecules, while this
is only partially true for RPBE and BEEF-vdW. This stems from the

systematic error on the RPBE and BEEF-vdW functionals generally
being smaller to begin with.

Finally, we suggest that new functionals aimed at the surface science
community could be guided by the experimental benchmarks present-
ed here. With the accessibility of accurate surface science experiments,
however, it is expected that this database will expand significantly in
the future, giving an even better foundation for calibrating electronic
structure theories for surface science and catalysis applications.
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