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Describing the interaction between reactive species and surfaces is crucial for designing catalyst materials. Density-
functional approximation is able to quantitatively model such interaction, but its accuracy strongly depends on the 
choice of exchange-correlation (XC) functional approximation. In this work, we assess the performance of XC 
functionals for describing the interaction of C2H2 and C2H4 with (111) surfaces of Cu, Pt, Pd, and Rh by particulary 
focusing on RPBE and mBEEF functionals. We study the geometry and the vibrational frequencies associated with 
the adsorbed molecules, as well as the adsorption energies and the reaction enthalpy of semi-hydrogenation of 
C2H2 in the gas phase. Crucially, experimental values for vibrational frequencies of molecules adsorbed on the metal 
surfaces are available for more system compared to physical quantities typically used to benchmark of XC 
functionals, such as adsorption energies. Thus, vibrational frequencies can be utilized as reference to assess the 
reliability of the exchange-correlation functionals. We find that the mean percentage errors (MPEs) of RPBE and 
mBEEF with respect to reported experimental values of vibrational frequencies are 0.64% and -3.88 %, respectively 
(36 data points). For adsorption enthalpy, RPBE and mBEEF provide MPEs of 27.61 and -59.81%, respectively, with 
respect to reported experimental values (7 data points). Therefore, the performance of RPBE is superior to that of 
mBEEF for the considered systems.

1. Introduction 
Transition metals are widely used as heterogeneous catalysts.1-7 Thus, investigating the interaction of 

adsorbates with the metal surfaces and their impact on the reaction mechanisms is important for the 
design of novel catalysts. Electronic-structure calculations can provide the needed detailed description.8 In 
particular, density functional theory (DFT)9 in the Kohn-Sham10 framework is a widely applied theoretical 
approach for catalytic systems.11 However, in practice, we are bound to use approximated exchange-
correlation (XC) functionals, and accuracy of such density functional approximation (DFA) strongly depends 
on the XC functional. Consequently, many studies have been carried out (see references 12-15) to assess 
the performance and accuracy of XC functionals for, e.g., bulk band structures, structural properties, and 
surface properties of transition metals. According to benchmark studies on the adsorption of small 
molecules on metal surfaces, the alternative revision of the Perdew-Burke-Ernzerhof XC functional (RPBE)16 

provides an accurate description of the most stable adsorption sites and adsorption energies.13, 14 Recently, 
a benchmark study by Kabalan et al.17 on the performance of XC functionals, specifically for transition 
metals, showed that meta-generalized gradient XC functional approximation based on Bayesian error 
estimation (mBEEF)18 provides good agreement with experimental data, such as surface energy and work 
function.17 Ref. 17 focused on pristine surfaces withsout adsorbates, and RPBE was not considered in the 



context of surface properties because its error for experimental bulk properties is larger than the other 
tested XC functionals.  

Ethylene (C2H4) is one of the most important chemical building blocks for polymers production.19-21 
Ethylene is typically obtained by naphtha steam cracking. In this process, acetylene (C2H2) is formed as 
byproduct. However, the presence of acetylene is undesirable, as it deactivates the catalyst for C2H4 
polymerization, which is one of the key processes where ethylene is utilized. Thus, C2H2 has to be removed 
before the polymerization process. This can be achieved by the catalytic selective hydrogenation of C2H2 
to C2H4. The catalyst selectively hydrogenates C2H2 with suppressing the hydrogenation of C2H4 to ethane 
(C2H6). Pd and Pd-based alloys have been used as catalyst materials in this process.6, 7, 22, 23 Many DFA studies 
investigated the selective hydrogenation of acetylene.24-28 In order to design new catalyst, the accurate 
description of both acetylene and ethylene adsorption is necessary.11 All the benchmark studies proclaim 
the challenge of finding an optimal functional that could simultaneously capture both covalent and non-
covalent interactions of adsorbates on metal surface, with no clear preference for a particular functional 
in their studies. Thus, the accuracy of XC functional for these specific target systems and their related 
properties still needs to be scrutinized. However, reliable experimental and/or higher-level theoretical 
reference data for assessing the performance of XC functional for adsorption of molecules on surface are 
limited.  

In this study, we assess the performance of RPBE and mBEEF by focusing on the vibrational frequencies 
associated to C2H4 and C2H2 molecules adsorbed on transition-metal (TM) surfaces. The vibrational 
frequencies of adsorbed molecules reflect the nature and strength of the molecule’s interaction with the 
TM surfaces. Additionally, reliable and accurate experimental values for vibrational frequencies of 
molecules adsorbed on the TM surfaces are available. Note that the aim of this study is not to find the best 
XC functional for describing the adsorption of C2H4 and C2H2 molecules on TM surfaces among a wide range 
of functionals. Instead, we aim at demonstrating how the performance of XC functionals for describing 
surfaces and catalysis can be assessed via the experimental vibrational frequencies. The RPBE and mBEEF 
are widely used XC functionals and they provide good accuracy for the surface properties and adsorption 
energies of molecules on TM surfaces. Thus, these two XC functionals are adopted as showcase of the 
concept. We would also like to stress that properties of adsorbed molecules, such as bond elongations, 
have been directly correlated to catalytic activity.29 Additionally, the accuracy of XC functionals for the 
vibrational frequency is important in the context of calculating energy curvatures around equilibrium and 
transition states. Furthermore, calculated properties of adsorbed molecules can be considered as 
potentially relevant parameters in artificial-intelligence (AI) analysis that aim to identify intricate 
correlations between material’s properties and catalytic performance. These calculated parameters can be 
offered, along with experimental parameters related to other underlying processes, in the AI analysis.30 
The accuracy and reliability of the data employed in AI is crucial. Thus, proposing the proper way for 
assessment of the performance of XC functionals is also an urgent task for data-centric heterogeneous 
catalyst design. 

We study adsorbed C2H2 and C2H4 on the surfaces of Pd, Pt, Cu, and Rh. These are transition metals 
widely used as catalysts for the selective hydrogenation of C2H2, and the vibrational frequencies of C2H2 
and C2H4 on these metals have been determined experimentally.31-39 We also assess the performance of 
the functionals based on adsorption energies of the molecules on Pt, for which experimental values are 
available. However, the available reference data are scarcer than in the case of the vibrational frequencies. 
Additionally, we investigate the performance for the reaction enthalpy of semi-hydrogenation of C2H2 to 
C2H4 in the gas phase. To demonstrate further application of our concept, we also investigate the C2H4 



adsorption on Pt(111) by using other XC functionals (PBEsol40 and TPSS41) and RPBE with the Tkatchenko-
Scheffler van der Waals (vdW) interaction correction42 (RPBE+TS). 

 

2. Computational details 
2.1 DFA calculations 

All the calculations were performed within DFA framework as implemented in the all-electron full-
potential electronic-structure package FHI-aims43 (version 210226). RPBE is a generalized gradient 
approximation (GGA) functional, which only differs from the original PBE XC functional by the mathematical 
form of the exchange energy enhancement factor (see Ref. 16). The functional was mainly proposed to 
improve the chemisorption energetics of atoms and molecules on TM surfaces. The mBEEF is a meta-GGA, 
which combines machine learning with Bayesian statistics to find the exchange model parameters (see Ref. 
18). It was designed to give reasonably accurate predictions of materials properties, such as cohesive 
energies and lattice constants. The mBEEF calculations are done by interfacing FHI-aims with the LibXC44 

library. In all the calculations, scalar relativity is included via the atomic zero-order regular approximation 
(ZORA).45 The calculations are done by employing tight basis set and a converged Γ-centered k-grid of 
20×20×20 and 12/n×12/n×1 (n is the supercell size) for the bulk and surfaces, respectively. The Broyden–
Fletcher–Goldfarb–Shanno (BFGS) algorithm46 with a force convergence criterion of 10 meV/Å along all 
directions is employed for the geometry optimizations. A dipole correction is applied along the surface 
normal (non-periodic direction, see the following section for more details) to eliminate any potential 
electrostatic dipole that could result from a non-symmetric slab relaxation and molecule adsorption. 
 
2.2 Surface models 

The (111) surface is the most stable facet of the TMs adopted in this study (i.e., Cu, Pt, Pd, Rh), which 
have the face-centered cubic (FCC, space group 𝐹𝐹𝑚𝑚�3𝑚𝑚) bulk structure,47 and is the focus of experimental 
studies. To model the surfaces, firstly, the lattice parameters of the bulk structures were optimized by 
mBEEF or RPBE. Then, the equilibrium lattice parameters were used to model the (111) surfaces by a two-
dimensional slab with the periodic boundary conditions. Unless otherwise stated, the surfaces are modeled 
by 2 × 2 and 3 × 3 surface supercells to account for the adsorption coverages observed in experiments. 
Each slab is separated by at least 20 Å vacuum perpendicular to the (111) surface (z-direction) to decrease 
the interaction between slab periodic images so that it can be ignored. Each slab consists of seven atom 
layers with the three bottom layers kept fixed at their ideal bulk positions during the geometry optimization. 
The atomic simulation environment (ASE) Python package48 is used to create surface slab models from the 
fully optimized bulk geometries. 

 
2.3 Vibrational frequencies 

Vibrational modes and frequencies of the C2H2 and C2H4 molecules in gas phase and adsorbed on TM 
surfaces are computed by FHI-aims and Phonopy49 using a finite-differences approach to calculate second 
derivatives of forces. The absolute displacement of each atom for the finite difference calculations is 0.01 
Å. The forces are converged within 1 meV/Å during the self-consistency cycle. To exclude the atomic 
displacements of the fixed layers in the slab models, we employ the modified version of the Phonopy-FHI-
aims interface.50 
 
2.4 Adsorption energies 

The adsorption energy (Eads) is calculated using the following equation. 
𝐸𝐸ads = 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚      (1) 



Here 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, and 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚are the total energies of the slab model with the adsorbate, the pristine 
slab model, and the adsorbate in the gas phase, respectively. 

The experimental adsorption energies (heat of adsorption) cited in the present study were measured by 
microcalorimetry. Thus, they should be compared to calculated adsorption enthalpy (𝐻𝐻ads). 

𝐻𝐻ads = 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚     (2) 
Here, 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, and 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚  are the enthalpy of the slab model with the adsorbate, the pristine slab 
model, and the adsorbate in the gas phase, respectively. These values were calculated within the ideal-gas 
approximation implemented in ASE.48 For 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 , translational, rotational, and vibrational degrees of 
freedom are taken into account. For 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, the rotational and translational degrees of freedom are 
excluded since those motions should be suppressed by the interaction with the surfaces. Rotational and 
translational degrees of freedom are also neglected for the evaluation of 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. As examined in a previous 
study,51 the vibrational enthalpy (and entropy) is converged by considering the vibrations of the metal 
atoms that are nearest neighbors of the adsorbate. Thus, only vibrations of the adsorbate and its nearest-
neighbor metal atoms are considered in the present study. 

The adsorption of C2H4/Pt(111) can be dissociative, resulting in adsorbed ethylidyne and hydrogen: 
C2H4 + Pt(111) → (CCH3 + H)/Pt(111)    (3) 

Therefore, we also include the dissociated configuration for the adsorption energy analysis.  

3. Results and discussions 
3.1 Geometry analysis 

As a first step, we performed geometry optimizations for C2H2 and C2H4 in the gas phase and adsorbed 
on the TM surfaces, and the results were compared with the corresponding experimental data. The 
geometry optimizations are evaluated at 0 K without zero-point vibrational corrections. As shown in Table 
S1 in the electronic supplementary information (ESI), the calculated geometry parameters in the gas phase 

are in good agreement with the experimental results: mean absolute errors (MAE = 1
𝑁𝑁
∑ �𝑋𝑋𝑖𝑖,𝐷𝐷𝐷𝐷𝐷𝐷 −𝑁𝑁
𝑖𝑖=1

𝑋𝑋𝑖𝑖,𝐸𝐸𝐸𝐸𝐸𝐸�) in calculated bond lengths are 8×10−3 and 6×10−3 Å for mBEEF and RPBE functionals, respectively. 
For bond angles, MAE for both functionals is 0.23◦.  

As described in the computational details, the slab models of TM surfaces were prepared from bulk 
structures obtained by minimizing the total energy at T = 0 K as listed in Table S2 of ESI. The results of bulk 
calculations show that both functionals accurately represent the experimental lattice constant of each 

metal. Mean absolute percentage errors (MAPE = 100%
𝑁𝑁

∑ |Exp𝑖𝑖−DFA𝑖𝑖|
|Exp𝑖𝑖|

𝑁𝑁
𝑖𝑖=1 ) of RPBE and mBEEF are 1.342% 

and 0.589%, respectively. Although RPBE provides larger error in comparison with mBEEF, the difference 
is only 0.753% (MAE of RPBE and mBEEF are 0.022 Å and 0.052 Å, respectively). Thus, both RPBE and mBEEF 
provide accurate results for lattice constants of the metals in this study. We also investigated thermal 
effects on the lattice constants by using the quasi-harmonic approximation (QHA) implemented in 
Phonopy.49, 52 As shown in Table S2, at the experimental temperature for the measurements (291 K - 298 
K),53, 54 the change in the lattice constants induced by the thermal effects is rather small (the maximum 
difference from the value without the thermal effect is 0.067 Å). 

Several different adsorption configurations of the molecules on the surfaces are studied. Fig 1a 
illustrates the possible adsorption structures for C2H2 on a FCC(111) metal surface. According to theoretical 
and experimental literature, the preferred C2H2 adsorption site on Pd(111),55-57 Pt(111),58 and Rh(111)59 

surfaces is the threefold fcc-hollow site (h-fcc in Fig 1a) with di − σ/π bonding (i.e., σ-bonding to two metal 
atoms along the C-C axis direction, and π-bonding to the remaining metal atom). However, the favorite site 
on Cu(111) is the bridge site (b-per in Fig 1a) with C-C axis perpendicular to the Cu-Cu bond.60 We 



investigated all the shown adsorption sites and found that the preferred sites obtained from both 
functionals are in agreement with previous theoretical and experimental studies cited above. In addition 
to the most stable configuration, we also looked for metastable adsorption configurations.  

According to available literature, the b-par (known as di−σ bonding) and top (known as π bonding) are 
the configurations for C2H2 on Pd(111) and Pt(111), which can be present at finite temperature and/or 
coverage. Based on our RPBE results shown in Table 1 and Table S6 of ESI, we obtain the following order 
of stability (starting from the most stable site with lowest adsorption energy) h-fcc, b-par, and top. This 
order is in agreement with other studies.59, 61-65 However, we find that geometry optimization with mBEEF 
misses some configurations that can be obtained by RPBE, such as the top configurations on Pd(111) and 
Cu(111). 

Finally, the adsorption of C2H4 was investigated. C2H4 can also adsorb dissociatively on TM surfaces: ethylidyne 
(CCH3) and H. For the adsorption of C2H4/Pt(111), all the possible adsorption sites shown in Fig 1b were examined. 
By employing both functionals, we find that the b-par site with a di-σ bonding is the global minimum for the 
adsorption of C2H4 molecule for both functionals, which is in agreement with other theoretical and experimental 
studies.31, 66-68 

 
 
 
 

Fig 1 (a) Different adsorption sites for (a) C2H2 and (b) C2H4 on a 
FCC(111) metal surface. The CCH3+H in panel (b) shows the 
adsorption structure of C2H4 in dissociative mode. Here, CCH3 
and H adsorb at neighbouring h-fcc sites. Metal, carbon, and 
hydrogen atoms are shown as purple, black, and white spheres, 
respectively. 



3.2 Vibrational frequencies 
Vibrational frequencies of C2H2 and C2H4 both in the gas phase and adsorbed on the TM surfaces are 

computed with mBEEF and RPBE functionals. The mBEEF functional tends to overestimate the vibrational 
frequencies, and the MPE of mBEEF (3.04%) is larger than that of RPBE (0.12%). In particular, the C-C and 
C-H stretching modes calculated by mBEEF show large deviation from the experimental results. More 
details of the obtained results for the molecules in the gas phase are discussed in sections S3 and S4 of ESI.  

For the molecules adsorbed on each metal, we used the adsorption site reported for the corresponding 
experiments. Except Ref. 38 and 39 where Fourier transform reflection-adsorption infrared (FT-RAIR) 
spectroscopic method was employed, the other experimental vibrational frequencies used in our study are 
obtained by high-resolution electron energy loss spectroscopy (HREELS). The calculated vibrational 
frequencies are summarized in Table S5 of ESI. Although experimental studies of vibrational spectroscopy 
report the configuration of the adsorbed molecule on the surface and the chamber exposure, the 
coverages are rarely mentioned. Therefore, in this study, the effect of the coverage on the calculated 
vibrational frequencies is investigated by comparing the results for two coverages: 1/4 and 1/9 monolayer 
(ML). These selected coverages are close to the gas C2H2 and C2H4 exposures reported in the experimental 
references (see Table S4 of ESI). As can be seen in the Fig 2, the obtained results are altogether only little 
affected by the change of coverage in the considered range. MAE of mBEEF at both coverages is 66 cm−1 

and that of RPBE slightly increases from 42 cm−1 to 43 cm−1 with increasing coverage. Therefore, in the 
following, we only discuss the results of 1/9 ML. 

According to Table S5, the values of all the experimental vibrational frequencies assigned to the C ≡ C 
stretching mode for chemisorbed C2H2 display a large shift from 1974 cm−1 (in the gas phase) to 1260–1402 
cm−1 (adsorbed on TM surfaces). This frequency shift is a consequence of the partial rehybridization of the 
C ≡ C triple bond from sp to sp2 or sp3 hybrid orbitals due to the formation of the covalent bond between 
carbon atoms of C2H2 and the metal surfaces. Our mBEEF and RPBE results also show such a large shift from 
2082 and 2001 to 1295-1353 and 1238-1303 cm−1, respectively, and the range of the shift depends on the 
adsorption configurations. For other modes, the shift in vibrational frequencies relative to the free 
molecules occurs as well, but it is not as strong as for the νCC mode. Similar results are obtained for the νCC 

mode of C2H4 adsorbed on Pt(111) and Pd(111). For this molecule, the absolute changes of the frequencies 
are 573 and 520 cm−1 at Pt(111) and Pd(111), respectively. Both mBEEF and RPBE XC functionals reproduce 
this large drop in frequency. The absolute changes obtained with mBEEF are 674 and 595 cm−1 at Pt(111) 
and Pd(111), respectively. The results from RPBE give absolute changes of 651 and 544 cm−1 at Pt(111) and 
Pd(111), respectively. Thus, the absolute changes of the frequencies obtained from RPBE are closer to the 
experimental changes. Therefore, according to our results, the adsorbate-substrate bonding is described 
more accurately by RPBE. 

Comparing the calculated vibrational frequencies with the corresponding experimental values illustrated 
in Fig 2 shows that the calculated stretching modes display the largest deviations, and the mBEEF functional 
tends to overestimate the frequencies. These trends are similar to the results for free molecules as 
discussed in section S4 in ESI. For each adsorbed system, the RMSE for both functionals is also calculated. 
As shown in Fig 2, RMSE of RPBE is smaller than that of mBEEF in all the TM systems studied here. For the 
adsorbed C2H2 at all the four FCC(111) surfaces, the values of RMSE obtained with mBEEF and RPBE are 98 
and 70 cm−1, respectively (see Figs 2a-d). For the case of C2H4 over the Pt and Pd surfaces (see Figs 2e and 
2f), the RMSE of mBEEF and RPBE are 80 and 41 cm−1, respectively. Altogether, the overall RMSEs for the 
studied systems (i.e., 36 vibrational modes listed in Table S5) are 118 cm−1 and 61 cm−1 for mBEEF and RPBE 
XC functionals, respectively. The highest achieved resolution of HREELS reported before 2010, when the 



reference values adopted in this study were measured, was 60-80 cm−1.31, 69 Thus, the RPBE RMSE 61 cm−1 
is within the range of the reported HREELS resolution.  
 

Fig 2. Deviations of calculated vibrational frequencies for C2H2 and C2H4 molecules adsorbed on FCC(111) TM surfaces from 
corresponding experimental values. ν, δ and γ denote stretching mode, in-plane bending mode, and out-of-plane bending mode, 
respectively. The blue squares and pink triangles indicate the deviations obtained with mBEEF and RPBE XC functionals, respectively 
(See Table S5 of ESI for the values of vibrations and experimental references). The mean percentage error is calculated by using the 

following formula: MPE = 100%
𝑁𝑁

∑ DFA𝑖𝑖−Exp𝑖𝑖
Exp𝑖𝑖

𝑁𝑁
𝑖𝑖=1  . Some vibrations are absent either because of experimental method limitations or 

because only the most intense modes were listed in the references. 



3.3 Adsorption energies of C2H2 and C2H4 

Let us now examine the performance of the two XC functionals for adsorption enthalpy by comparing 
with experimental heat of adsorption measured by microcalorimetry. The Hads of C2H2 and C2H4 on Pt(111) 
are computed and summarized in Table 1 along with the available experimental data and those from other 
studies. Ideally, the performance of XCs for the heats of adsorptions should be assessed for multiple 
systems, and the results should be compared with the performance for the vibrational frequencies. 
However, we only did it for Pt because the measured data of the heat of adsorption is not available for 
other systems to the best of our knowledge. 

For C2H2 adsorbed at h-fcc site on Pt(111), the absolute adsorption energy difference (|HDFT - HExp.|) 
obtained from mBEEF and RPBE with the experimental value (−2.18 eV)71 are 0.46 and 0.39 eV, respectively. 
Thus, adsorption enthalpy obtained with both functionals deviate from experiment, but the RPBE results 
are closer to experiment. Our RPBE results are also closer to those obtained by BEEF-vdW70 and PW91.59, 68 
According to the experimental and theoretical works summarized in Table 1, for the adsorption of 
C2H4/Pt(111) without dissociation, the molecule can adsorb at top and b-par sites. The RPBE adsorption 
enthalpy is closer to the experimental values than mBEEF adsorption enthalpy. The absolute difference of 
adsorption enthalpy obtained with RPBE and mBEEF for the top configuration in comparison with the 
experimental value of −0.41 eV72 is 0.23 and 0.28 eV, respectively. For the molecular adsorption of 
C2H4/Pt(111) on the b-par site, the obtained result from RPBE is in the range of the reported experimental 
values, while the value obtained from mBEEF functional is largely overestimated (see Table 1). In case of 
the dissociative adsorption of C2H4/Pt(111) to form ethylidyne (CCH3) and hydrogen, the energy differences 
in the adsorption energies calculated with RPBE and mBEEF and available experimental results (-1.36 eV) 
74 are 0.55 and 0.04 eV, respectively. Thus, for the dissociative adsorption of C2H4/Pt(111), Hads calculated 
by mBEEF is closer to the experimental value than that calculated by RPBE.  Table 1 also summarizes other 
theoretical values reported in literature: RPBE, BEEF-vdW, BEEF, and PW91 show good agreement with the 
reported experimental values. In order to analyze the general performance of the two functionals, we plot 
in Fig 3 the computed values of Hads versus the experimental ones. As can be seen in the figure, RPBE with 
RMSE of 0.32 eV for adsorption enthalpy displays a better agreement with the experimental results. mBEEF 
tends to overestimate Hads. This systematic tendency towards the overestimation of the adsorption 

System Site θ (ML) mBEEF RPBE Exp. Other DFA studies 

C2H2/Pt(111) 

h-fcc 

1/4 -2.67  -1.89    -2.37 (PW91)59, -2.26 (PW91)68 

1/9 -2.70  -1.83   -2.11 (BEEF-vdW)70 

1/16 -2.87  
[-2.64 (173K)] 

-2.01  
[-1.79 (173K)] -2.18 (173K)71   

b-par 1/4 -2.09 -1.47    -1.99 (PW91)59 

top 1/4 -0.68  -0.23    -0.73 (PW91)59 

C2H4/Pt(111) 

top 1/4 
-0.80 

[-0.69 (112K)] 
[-0.70 (110K)]  

-0.28 
[-0.18 (112K)] 
[-0.19 (110K)]  

-0.41±0.1 (112K)72 
-0.76 (PW91),61 -0.55 (PW)63 

-0.22 ~ -0.39 (110K)73 

b-par 1/4 
-1.36 

[-1.23 (110K)] 
[-1.23 (100K)]  

-0.74  
[-0.62 (110K)] 
[-0.62 (100K)] 

-0.39 ~ -0.74 (110K)73  
-1.21 (PW91),61 -1.26 (PW)63  

-0.74 (100K)67 

CCH3 + H 1/9 -1.78  
[-1.40 (300K)] 

-1.12 
[-0.81 (300K)]  

-1.36 (300K)74 -1.65 (PBE),15 -1.74 (PBE),74 -1.20(RPBE),15  
-1.75(optPBE),74 -1.83(optPBE-vdW),15 -1.34 (BEEF-
vdW),15 -1.43 (BEEF),74 -1.68 (MS2),15 -2.21 (SCAN),15  
-2.33 (SCAN+rVV10),15 -2.21 (HSE06),15 -1.44 (PW91)61 -1.24 (300K)75 

Table 1. Comparison of our calculated Eads (in eV) for C2H2 and C2H4 at Pt(111) with available experimental and theoretical data reported 
in the literature. Hads values (in eV) are shown in brackets. θ is the coverage in monolayers (ML). 



enthalpy is confirmed by the obtained MPE values, also shown in Fig 3: MPE = −59.81% (mBEEF) and 27.61% 
(RPBE). The measurement error for the heat of adsorption cited in the present work is 0.085-0.175 eV. 
Thus, the RMSEs for Hads of RPBE and mBEEF XC functionals are larger than the experimental error. 

Finally, we also assessed the performance of two additional XC functionals and the influence of vdW 
corrections. In particular, we calculated vibrational frequencies and adsorption enthalpies for the 
C2H4/Pt(111) system with PBEsol and TPSS. The details of this analysis are discussed in section S7 in ESI. 
TPSS is reported as the reliable functional for the bulk and surface properties of metals17, and PBEsol is also 
a widely used functional for solid systems. Additionally, for the metal-adsorbate systems, the importance 
of adding the vdW correction to the GGA functionals has been discussed.76-78 Thus, we also assess the 
performance of the RPBE functional with the Tkatchenko-Scheffler (TS) vdW correction. As shown in Figure 
S3a and Table S7, PBEsol shows the lowest RMSE for the vibrational frequency (30 cm−1). TPSS shows a 
moderate performance among the adopted XC functionals (RMSE = 61 cm−1), and there is no significant 
effect of the vdW correction on vibrational frequency in RPBE+TS (RMSE increased by 2 cm−1). RPBE shows 
the second best RMSE for the vibrational frequencies (42 cm−1), but mBEEF shows the highest RMSE among 
the considered XC functionals (83 cm−1). On the other hand, as shown in Figure S3b, RPBE+TS overestimates 
the adsorption enthalpy by 0.47 eV. This overestimation is at least partly due to overestimation of long-
range vdW interaction with metal surfaces by pairwise dispersion interaction models.79 Additionally, PBEsol 
shows the highest error among the considered functionals (0.94 eV) while TPSS shows a moderate 
performance (error = 0.35 eV). For the adsorption enthalpy, RPBE shows the best performance (error = 
0.05 eV), but mBEEF shows the second worst performance (error = 0.66 eV). The reaction enthalpy of the 
semi-hydrogenation of C2H2 to C2H4 in the gas phase was also calculated with all considered functionals. 
Interestingly, the accuracy trend across functionals is the same as the one for the adsorption enthalpy 
(Figure S3c).  

Because RPBE shows high performance for all considered properties (assuming that the long-range vdW 
correction weakly depends on the specific functional among the considered ones), our study shows that 
RPBE is the most reliable functional for the considered system. On the other hand, PBEsol shows the good 
accuracy for the vibrational frequency, but its accuracy for the adsorption and reaction enthalpy is lowest 
among the functionals. These results suggest that, if possible, the reliability of XC functionals should be 
assessed by investigating the accuracy for several physical quantities. However, in practice, we are limited 
by scarcity of reliable experimental data, such as vibrational frequencies, for the metal-adsorbate systems. 

We note that modelling the full catalytic progression by DFA and statistical mechanics is impractical, 
since catalysis is governed by an intricate interplay of several underlying processes, such as the surface 
reactions, the materials restructuring under reaction conditions, and the transport of reactants and 
products.  However, DFA can be used to obtain possibly relevant descriptive parameters correlated with 
atomistic processes. These parameters can be combined with experimental data in order to model catalysis 
via artificial intelligence (AI).30 Indeed, we have recently considered such an AI approach for identifying the 
key descriptive parameters correlated to the experimental performance, out of many offered candidate 
descriptive parameters obtained from theory and/or experiment.30, 80-82 In analogy to genes in biology, 
these key parameters might be called  “materials genes” of catalysis,80 as they correlate with the processes 
triggering, favouring or hindering the catalytic performance without providing the full understanding of 
the underlying processes. 



 
 
 

Conclusions 
In this study, we have evaluated the performance of mBEEF and RPBE functionals by mainly focusing on 

the vibrational frequencies of the C2H2 and C2H4 both in gas phase and adsorbed on TM surfaces. The 
experimentally measured frequencies are available for multiple systems such as the gas-phase molecules 
and the molecules adsorbed on Pt, Pd, Rh, and Cu surfaces (in total 36 data points). According to our 
vibrational frequency analysis for the molecules in the gas phase, the RMSEs obtained with RPBE are 
smaller than those obtained with mBEEF by 79 cm−1 for C2H2 and 58 cm−1 for C2H4. For the adsorbed 
molecules, we studied different adsorption structures at each TM surface. Our results show that mBEEF 
functional misses some metastable adsorption structures. Moreover, we find that for vibrational 
frequencies mBEEF, despite being in relatively good agreement with experimental data (RMSE= 118 cm−1), 
performs worse than RPBE (RMSE= 61 cm−1) for the considered systems. The accuracy of the functionals is 
also evaluated by studying the adsorption energy of the molecules on the Pt(111) surfaces. This study also 
shows that RPBE is more accurate than mBEEF. RMSE of 0.41 eV and 0.32 eV are obtained for adsorption 
enthalpy with mBEEF and RPBE, respectively.  

To demonstrate further application of our approach, the adsorption enthalpy and vibrational 
frequencies of the C2H4/Pt(111) system were also investigated with TPSS, PBEsol, and RPBE with the 
Tkatchenko-Scheffler pairwise long-range vdW correction. The performance of these functionals is worse 
than that of RPBE. Our results indicate that RPBE shows high reliability in describing the interaction 
between the metal surfaces and C2H2 or C2H4. Our study has demonstrated that the measured vibrational 
frequencies can be utilized for assessing the accuracy of the XC functionals. Such assessment is particularly 
important for the application of the DFA data to building an AI model for heterogeneous catalysis. 
 

Fig 3. Calculated adsorption enthalpy (Hads) at temperatures 
listed in Table 1 of acetylene and ethylene on the Pt(111) surface 
versus corresponding experimental values. Dotted lines show 
least-squares-fit for the mBEEF and RPBE results. The gray line 
shows the ideal match between theory and experiment. In cases 
when a range of experimental adsorption energies were given, 
the average value along with the error bars are included in the 
plot. The mean percentage error is calculated by using the 

following formula: MPE = 100%
𝑁𝑁

∑ Expi−DFAi
Expi

N
i=1  . 
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S1. Geometry analysis of C2H2 and C2H4 

Geometry optimizations for the molecules in the gas phase are performed. The obtained 

geometrical parameters are listed in Table S1 along with the corresponding experimental values. 

Table S1: Calculated and experimental geometrical parameters (bond lengths d and angles ∠ in Å 
and degree, respectively) for the C2H2 and C2H4 molecules in the gas phase. 

 
 

 

S2. Bulk lattice constants 

Table S2: Bulk lattice constant a (in Å) of each material in its stable crystal phase (FCC structure 
with space group Fm¯3m) obtained by mBEEF and RPBE XC functionals. A k-point mesh of 
20×20×20 was used for each calculation. The values in parentheses next to the mBEEF and RPBE 
values indicate the deviation from experimental results. Last row shows the mean absolute 
percentage error (MAPE) of each functional. mBEEF(QHA) and RPBE(QHA) are the results 
incorporating thermal effects via the quasi-harmonic approximation (QHA) at the experimental 
temperature at which the lattice constants were measured. The QHA was evaluated using the 
phonon analysis as implemented in Phonopy.28 

compound mBEEF mBEEF (QHA) RPBE RPBE (QHA) Exp. 
Pd 3.887 (-0.004) 3.904 (0.013) 3.977 (0.086) 3.993 (0.102) 3.891 

(295.15 K)3 

Pt 3.916 (-0.008) 3.902 (-0.022) 3.939 (0.015) 4.006 (0.082) 3.924 
(298.15 K)27 

Rh 3.769 (-0.035) 3.781 (-0.023) 3.851 (0.047) 3.862 (0.058) 3.804 
(294.65 K)3 

Cu 3.575 (-0.040) 3.588 (-0.027) 3.674 (0.059) 3.691 (0.076) 3.615 
(291.15 K)3 

MAPE (in %) 0.589 0.562 1.342 2.085 - 
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S3. Vibrational modes 

Figure S1 illustrates different vibrational modes of acetylene and ethylene in gas phase. Arrows in 

orange are showing the movement direction. Dot and cross marks inside the orange circles are 

used to show the movement direction. Here, we briefly describe the movements of atoms in each 

type of the vibrational modes. As shown in the figure, "twisting" modes are related to a change in 

the angle between planes containing groups of atoms. "Rocking" modes represent a change in the 

angle between the group of H-C-H atoms (shown in pink) and the rest of the molecule. A change 

in the angle between the plane of a group of H-C-H atoms (shown in pink) and a plane through the 

rest of the molecule refers to "wagging" modes. Rocking is distinguished from wagging by the fact 

that the atoms in the group stay in the same plane as the rest of the ethylene molecule. The in-

plane and out-of-plane bending modes are denoted by δ and γ, respectively. In a rocking, wagging 

or twisting coordinate the bond lengths within the atomic groups involved slightly change. So the 

dominant movements are in the angles. 
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Figure S1: Vibrational modes of acetylene and ethylene in gas phase. ν, δ and γ denote stretch 
mode, in-plane bending mode and out-of-plane bending mode, respectively. "a" and "s" represent 
asymmetric and symmetric stretches, respectively. Dot and cross marks inside the orange circles 
denote the out-of-plane movement direction of an atom or group of atoms. 
 
 

S4. Vibrational frequencies of C2H2 and C2H4 in the gas phase 

The calculated vibrational frequencies of C2H2 and C2H4 in the gas phase and the corresponding 

experimental values are summarized in Table S3 (detailed description of each vibrational mode is 

provided in the previous section and shown in FIG. S1). C2H2 is a symmetric linear molecule with 

3N − 5 = 7 normal modes. However, only five modes are reported in the table because the 

bending modes come in degenerate pairs, i.e., there are two equivalent modes with the same 

frequency. According to the calculated data shown in the table, the vibrational frequencies 

obtained by the mBEEF functional are overestimated while the RPBE functional underestimates 

them: the mean percentage error (MPE = 100
16
∑ DFAi−Expi

Exp𝑖𝑖
16
𝑖𝑖=1  ) of all the considered vibrational 

modes summarized in Table S3 obtained by mBEEF and RPBE are 3.04% and −0.13%, respectively. 
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To simplify the comparison, the frequency differences of each vibrational mode of the C2H2 and 

C2H4 molecules (in gas phase) with respect to the experimental values are shown in the FIG. S2. 

Our analysis shows that the root mean square error (RMSE) of the vibrational frequencies 

obtained with RPBE is smaller than for mBEEF by 79 cm−1 for C2H2 and 58 cm−1 for C2H4.  

Another notable result in the FIG. S2 is the larger deviation of the mBEEF results for the 

stretching modes while the bending modes (rocking, wagging, and scissoring) display smaller 

deviations. From comparison of calculated vibrational frequencies of stretching modes with 

experiment it can be inferred that mBEEF overestimates the strength of the bonds. However, the 

electrostatic interactions and orbital hybridization determining the bending force constants are 

less affected by the approximations in the XC functional, which results in smaller frequency 

deviations for bending-type vibrational modes. 
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Figure S2: Deviations of calculated vibrational frequencies of C2H2 and C2H4 molecules in gas phase 
from experimental values. The blue squares and pink triangles indicate the deviations for mBEEF 
and RPBE functionals, respectively. (See Table S3 for the values of vibrational frequencies and 
experimental references.) RMSE and MPE denote root mean squared error and mean percentage 
error, respectively. 
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Table S3: The vibrational frequencies (in cm−1) of the C2H2 and C2H4 molecules in the gas phase. ν, 
δ and γ denote stretch mode, in-plane bending mode and out-of-plane bending mode, 
respectively. "a" and "s" denote asymmetric and symmetric modes, respectively. RMSE and MPE 
denote the values of root mean squared error and mean percentage error, respectively. 

C2H2 mBEEF RPBE Exp.4 

δs
CH 555 578 612 

δa
CH 782 730 729 

νCC 2082 2001 1974 

νs
CH 3446 3342 3295 

νa
CH 3551 3439 3373 

RMSE (cm-1) 120 41  

MPE (%) 2.658  -0.133    

C2H4 mBEEF RPBE Exp.5 

δrock
CH2 839 804 826 

γwag
CH2 950 929 940 

γwag
CH2 973 941 949 

γtwist,
CH2 1080 1032 - 

δrock
CH2 1250 1203 1222 

δscissor
CH2 1390 1340 1342 

δscissor
CH2 1477 1430 1444 

νCC 1697 1631 1623 

νs
CH 3140 3052 2989 

νs
CH 3159 3065 3026 

νa
CH 3216 3121 3103 

νa
CH 3242 3150 3105 

RMSE (cm-1) 87 29  

MPE (%) 3.216  -0.130    

 
 
 

S5. Vibrational frequencies of adsorbed C2H2 and C2H4 
Table S4 summarizes the chamber exposures and the reported coverage for the adsorbed species. 

The vibrational frequencies of adsorbed C2H2 and C2H4 on FCC(111) surfaces of Pt, Pd, Rh, and Cu 

are summarized in Table S5. 
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Table S4: Experimental/theoretical data on the coverage (θ in ML) and gas exposure (P in L, 1L= 1 
langmuir = 1×10−6 Torr-second) for the adsorbed systems. 

system P θ 
C2H2/Pd(111)6 3 1/3 
C2H2/Pd(111)7 1.5 1/3 
C2H2/Rh(111)8 0.5 1/4 
C2H2/Cu(111)9 2.3  

C2H2/Pt(111)10 2  

C2H4/Cu(111)11 100 1/3 
C2H4/Pd(111)12 30  

 
Table S5: Calculated and experimental vibrational frequencies (in cm−1) for C2H2 and C2H4 

adsorbed on different TMSs at the coverage of 1/9 ML and 1/4 ML. The values for 1/4 ML are 
shown in parentheses. Stretch modes are labeled by ν, while δ and γ denote in-plane and out-of-
plane bending modes, respectively. 
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S6. Adsorption energies of C2H2 and C2H4 on Pd(111) 

The adsorption energies of C2H2 and C2H4 on Pd(111) are summarised in Table S6. 

Table S6: The comparison of our calculated (mBEEF and RPBE) Eads (in eV) with available 
experimental and theoretical data reported in the literature. (θ is the coverage in ML) 

 
 
 

S7. Comparison with other XC functionals and effect of van-der-
Waals (vdW) corrections 

To demonstrate further applications of our approach and the influence of vdW corrections, we 
calculated vibrational frequencies and adsorption enthalpy of C2H4 on the Pt(111) surface with 
TPSS22, PBEsol23, and RPBE with the Tkatchenko-Scheffler vdW correction24 (RPBE+TS). TPSS is 
reported as the reliable functional for the bulk and surface properties of metals25, and PBEsol is 
also widely used functional for solid systems. As shown in Figure S3a and Table S7, PBEsol gives 
the lowest RMSE for the vibrational frequency. TPSS shows a moderate performance among the 
adopted XC functionals, and there is not significant effect of the vdW correction on the accuracy 
of the vibrational frequency in RPBE+TS. On the other hand, as shown in Figure S3b, RPBE+TS 
overestimates the adsorption enthalpy compared to RPBE by 0.42 eV. Additionally, PBEsol shows 
the worst error among the considered functionals while the performance of TPSS is moderate. 

We also investigated reaction enthalpy of the semi-hydrogenation of C2H2 to C2H4 in the gas phase. 
The calculated reaction enthalpy 𝐻𝐻𝑟𝑟(𝐷𝐷𝐷𝐷𝐷𝐷) is the difference of the enthalpy of each molecule in 
the gas phase. 

𝐻𝐻𝑟𝑟(𝐷𝐷𝐷𝐷𝐷𝐷) = 𝐻𝐻𝐶𝐶2𝐻𝐻4 − (𝐻𝐻𝐶𝐶2𝐻𝐻2 + 𝐻𝐻𝐻𝐻2) 
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𝐻𝐻𝑟𝑟(𝐷𝐷𝐷𝐷𝐷𝐷)  was compared with experimental reaction enthalpy 𝐻𝐻𝑟𝑟(𝐸𝐸𝐸𝐸𝐸𝐸. ) derived from the 
standard enthalpy of formation.26 

𝐻𝐻𝑟𝑟(𝐸𝐸𝐸𝐸𝐸𝐸. ) = Δ𝑓𝑓𝐻𝐻𝐶𝐶2𝐻𝐻4
0 − Δ𝑓𝑓𝐻𝐻𝐶𝐶2𝐻𝐻2

0  

As shown in Figure S3c, RPBE showed the best performance. TPSS also showed a good 
performance, but mBEEF and PBEsol are not so accurate. This trend is also fit to the accuracy 
trend on the adsorption enthalpy. 

 By considering the result shown in Figure S3, RPBE is the most reliable functional for the target 
system because of its high accuracy for the investigated properties. On the other hand, PBEsol 
showed a good accuracy for the vibrational frequency, but its accuracy for the adsorption and 
reaction enthalpy is lower than the other functionals. These results suggest that, ideally, the 
assessment of the XC functionals should be based on multiple aspects. However, in practice, we 
are bound to use limited available measured quantities, such as vibrational frequencies, for 
benchmarking the calculation methods to describe metal-adsorbate systems. 
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Figure S3: Investigation with other XC functionals and vdW correction. Accuracy for (a) vibrational 
frequencies and (b) adsorption enthalpy of the C2H4/Pt(111) system. Note that only vibrations of 
the adsorbate and its nearest-neighbor Pt atoms are considered for calculating the vibrational 
frequencies in these investigations. (c) Assessment for the reaction enthalpy of the semi-
hydrogenation of C2H2 to C2H4 in the gas phase. 

Table S7: Summary of the vibrational frequencies of the C2H4/Pt(111) system with other XC 
functionals. Note that only vibrations of the adsorbate and its nearest-neighbor Pt atoms are 
considered for calculating the vibrational frequencies in this investigation. 

 νa
CH νs

CH νs
CH2 δscissor,s

CH2 νCC γwag,s
CH2 γtwist,s

CH2 δrock,s
CH2 νa

MC νs
MC RMSE 

(cm-1) 
MPE 
(%) 

Exp.10,14 3000 2940 2920 1430 1050 980 790 660 560 470 - - 

RPBE 3064 2975 2987 1423 983 1031 780 643 549 456 42  -0.48  

mBEEF 3138 3046 3060 1471 1022 1100 812 678 592 502 83  4.35  

TPSS 3104 3015 3026 1421 978 1038 777 631 549 457 61  -0.27  

PBEsol 3045 2953 2960 1386 1029 984 758 619 566 489 30  -0.65  

RPBE+TS 3065 2977 2990 1390 986 1034 783 646 551 459 44  -0.45  
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