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ABSTRACT
Accurate adsorption energy predictions are central in computational catalysis. The need for higher accuracy without prohibitive 
computational costs has led to the development of correction schemes for density functional theory (DFT) predictions. For 
instance, dispersion corrections are nowadays routinely applied, even when long‐range interactions are expected to be negli
gible. To evaluate this practice, we assess the effects of D3 dispersion corrections on CO adsorption over transition metals using 
the Perdew‒Burke‒Ernzerhof (PBE) and revised PBE (RPBE) exchange‐correlation functionals. These corrections systematically 
stabilize the CO adsorption energies, which generally increases deviations from experimental data. Furthermore, depending on 
the damping function used (zero or Becke–Johnson damping), D3 corrections alter the gas‐phase thermochemistry. However, 
applying both gas‐ and adsorbed‐phase corrections yields adsorption energies that closely match experimental values. Conse
quently, the application of dispersion corrections by default may compromise the predictive capability of DFT‐based models.

1 | Introduction

Carbon monoxide (CO) is a representative gas and adsorbed 
species in catalysis, frequently acting as a reactant, product, and 
intermediate in numerous processes. For example, in hetero
geneous catalysis, CO is used in methanol synthesis [1], 
Fischer–Tropsch synthesis [2], and the water–gas shift reaction 
[3]. In electrocatalysis, the electroreduction of CO (and carbon 
dioxide (CO2)) is promising for addressing climate change while 
producing value‐added chemicals such as methane, ethylene, 
and ethanol [4, 5], whereas CO oxidation is a widely studied 
model reaction [6–8] with clear implications for direct methanol 
and ethanol fuel cells [9–11]. In these reactions, CO adsorption 
or desorption frequently plays a key role in the overall catalytic 
activity. Therefore, the inaccurate prediction of CO adsorption 

energies impairs the capacity of computational chemistry 
models to explain existing experimental observations, suggest 
additional experiments, or guide the rational design of novel 
catalysts [12].

Although density functional theory (DFT) is one of the most 
widespread tools in computational chemistry [13, 14], and a vast 
array of exchange‐correlation functionals are available [15], 
those based on the generalized gradient approximation (GGA), 
such as the Perdew‒Burke‒Ernzerhof (PBE) [16], the revised 
PBE by Hammer et al. (RPBE) [17], and the Bayesian 
error estimation functional with van der Waals correlation 
(BEEF–vdW) [18], remain the most prevalent in catalytic 
modeling. Although these functionals are computationally effi
cient, systematic errors persist, such as the well‐documented 
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“CO puzzle” [19], which can be resolved by employing more 
sophisticated functionals [20], DFT + U [21], or higher‐level 
approaches such as the random phase approximation [22]. 
Other prominent limitations include the description of O2(g) 

[23], solid oxide thermochemistry [24–26], hydroxyl adsorption 
on metals [27], oxygen adsorption on RuO2 [28, 29], and various 
other chemical systems [30, 31].

A major limitation of GGA functionals is their insufficient 
description of long‐range interactions [32]. The dispersion cor
rections developed by Grimme et al. [33–36] are added to DFT 
calculations to improve the modeling of these interactions. 
Specifically, D3 corrections were designed to swiftly improve the 
accuracy of standard DFT by adding a semi‐empirical dispersion 
energy term to the total energy of the system [37]. However, it 
remains unclear whether dispersion corrections are necessary to 
reliably predict adsorption energies. In fact, dispersion correc
tions are often added by default to improve the modeling of 
weak interactions [38–40]. However, this may not always be 
advisable, especially for a strong chemisorbate such as CO, 
which is ubiquitous in catalysis [1–11].

In this study, CO adsorption on various transition metals is 
evaluated using the PBE and RPBE functionals, both with and 
without D3 dispersion corrections. D3 corrections generally 
increased the PBE and RPBE deviations of the CO adsorption 
energies relative to the experimental results, suggesting that 
dispersion corrections must be used with caution, particularly 
for strongly chemisorbed species. To rationally improve the 
predictive capabilities of the evaluated functionals toward 
chemical accuracy, a scheme is proposed to mitigate both gas‐ 
and adsorbed‐phase errors.

2 | Experimental

2.1 | Computational Settings

DFT calculations were performed using the Vienna ab initio 
simulation package (VASP) [41, 42] with the PBE [16] and 
RPBE [17] functionals. The projector augmented‐wave (PAW) 
method was used to describe the interactions between the core 
ions and valence electrons [43, 44]. Zero damping and 
Becke–Johnson damping D3 dispersion corrections (denoted D3 
(ZD) and D3(BJ), respectively) were incorporated via the 
method developed by Grimme et al. [37] as implemented in 
VASP. A plane‐wave cutoff energy of 450 eV was used in all 
calculations.

The metal surfaces in this study were modeled using a (2 × 2) 
supercell of face‐centered cubic (111) and (100) facets, utilizing 
the optimized lattice parameters listed in Supporting 
Information S1: Table S1. Specifically, Ni, Pt, Pd, Ir, Cu, and Rh 
were modeled using their face‐centered cubic (111) facets; the 
Pd (100) facet was also included. For Co and Ru, the hexagonal 
close‐packed (hcp) (0001) surface orientation was employed. All 
slabs consisted of four atomic layers, with the exception of Pd 
(100), which was modeled with five layers. In all cases, the two 
bottom‐most atomic layers remained fixed at the optimized bulk 
distances, whereas the remaining layers and adsorbates were 
allowed to fully relax in all directions during the structural 
optimization performed using the conjugate‐gradient algorithm. 

Spin‐unrestricted calculations were performed for Co and Ni. 
Supporting Information S1: Figure S2 shows a schematic model 
of the (111) slab illustrating the investigated adsorption sites.

A (6 × 6 × 1) Monkhorst–Pack k‐point grid [45] was employed 
to sample the reciprocal space for the slab calculations. The 
electronic states near the Fermi level were treated using the 
Methfessel–Paxton smearing method [46] using a width of 
0.2 eV, and the final total energies were extrapolated to 0 K. All 
slabs and adsorbed species were relaxed until the forces on any 
atom were below 0.05 eV/Å. Urrego‐Ortiz et al. [47] proved that 
reducing the force threshold from 0.05 to 0.01 eV/Å resulted in 
negligible differences in the CO adsorption energies. CO(g) was 
relaxed in a 15 × 15 × 15 Å3 cubic box using the conjugate‐ 
gradient algorithm, sampling only the Γ‐point until the forces 
on the atoms were below 0.01 eV/Å. Gaussian smearing was 
employed with an electronic temperature of 0.001 eV, and the 
total energy was extrapolated to 0 K.

2.2 | DFT‐Based Adsorption Enthalpies

The enthalpy of species i (HDFT
i ) can be approximated from DFT 

calculations as follows:

HDFT
i ≈ EDFT

i + ZPEi (1)

where EDFT
i is the total energy and ZPEi is the zero‐point energy. 

The ZPE is calculated via vibrational frequency analysis within 
the harmonic oscillator approximation; for slabs with adsorbed 
CO, only the adsorbate contributions were considered (see Sup
porting Information S1: Tables S2 and S12). Thermal contribu
tions are omitted from Equation (1) to facilitate direct comparison 
with the pioneering work of Wellendorff et al. [48] and because 
previous studies have shown that these contributions remain 
negligible from 0 to 298.15 K for numerous chemical reactions 
[49]. The adsorption enthalpy (ΔHDFT

CO ) is estimated by applying 
Equation (2) to the adsorption process: ∗ + CO(g) → ∗CO, 
where the asterisk represents a free active site on the metal and 
∗CO denotes the adsorbed species.

ΔHDFT
CO = ΔEDFT

i + ΔZPEi (2)

In Equation (2), Δ is the difference between the products and 
reactants of the corresponding quantities accounting for the 
respective stoichiometric coefficients. Supporting Information 
S1: Table S2 lists the calculated ZPE values used to estimate 
these adsorption enthalpies and Supporting Information S1: 
Table S3 lists the resulting adsorption enthalpies calculated for 
all scrutinized functionals.

2.3 | Experimental Adsorption Enthalpies

The experimental CO adsorption enthalpies of the transition 
metals were extracted from the study by Wellendorff et al. [48]. 
These results correspond to low‐coverage adsorption configu
rations in which *CO did not dissociate and were obtained using 
different techniques, including single‐crystal adsorption calo
rimetry, temperature‐programmed desorption, and equilibrium 
adsorption isotherms. The arithmetic average was used for 
systems in which multiple experimental values were reported. 
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Supporting Information S1: Table S4 lists the experimental data 
and the techniques employed to measure them.

2.4 | Errors in the DFT Energies of Molecules and 
Adsorbates

To clarify terminology, the term “correction” is applied herein 
to two distinct concepts: dispersion corrections and gas‐ or 
adsorbed‐phase corrections. The former term refers to the 
explicit inclusion of dispersion interactions within DFT en
ergies, whereas the latter involves the modification of DFT total 
energies to align with experimental thermochemistry data for 
molecules and adsorbed species.

Urrego‐Ortiz et al. [47] reported that ΔHDFT
CO for transition 

metals deviates significantly from the experimental enthalpies 
(ΔHexp

CO ) across multiple functionals. The total deviation from 
experimental values (εT) originates from the cumulative errors 
in the thermochemical descriptions of the adsorbate, adsorbent, 
and free molecule, as expressed in Equation (3):

εT = (ε∗CO − ε∗) − εCO(g) = ΔHDFT
CO − ΔHexp

CO (3)

where ε∗CO is the error associated with the adsorbed CO and 
adsorbent, and ε∗ is the error of the adsorbent. Hence, 
(ε∗CO − ε∗) is the error of adsorbed CO, hereafter represented as 
εCO for brevity. Furthermore, εCO(g) is the error within the DFT‐ 
calculated energy of CO(g). Notably, εCO(g) can be derived from 
the CO(g) formation energy [30, 50], whereas εCO can be esti
mated using experimental adsorption energies [27, 47, 48]. 
Supporting Information S1: Note S1 details the calculation of 
these errors. Equation (4) shows that the gas‐phase error can be 
included to yield an enthalpy with gas‐phase corrections 
(ΔHGPC

CO ), whereas Equation (5) provides an adsorption enthalpy 
with gas‐ and adsorbed‐phase corrections (ΔHGPC+APC

CO ) that 
rectifies both the gas‐ and adsorbed‐phase errors.

ΔHGPC
CO = ΔHDFT

CO + εCO(g) (4)

ΔHGPC+APC
CO = ΔHDFT

CO + ( εCO(g) − εCO) (5)

In principle, if εCO(g) and εCO are determined directly by 
comparing DFT values with experimental values without any 
fitting or averaging procedures, then ΔHGPC+APC

CO = ΔHexp
CO . 

However, fitting and averaging procedures among similar cata
lysts and/or families of compounds (such as nitrogen oxides 
(NxOy)) is a common practice [47, 51, 52]. Consequently, the final 
errors are not exactly zero, yet they remain considerably smaller 
than the initial deviations, with the average deviations typically 
being below 0.10 eV (

⃒
⃒ΔHGPC+APC

CO − ΔHexp
CO

⃒
⃒ < 0.10 eV).

3 | Results and Discussion

3.1 | D3 Dispersion Corrections on CO Adsorption

Dispersion corrections should be used in systems where long‐ 
range interactions either dominate or contribute significantly 
to the physical and chemical properties of interest. Represen
tative examples include (i) graphite, where the constituent 
layers are bound via van der Waals interactions [53], (ii) liquid 
water [54], and (iii) physisorption phenomena, such as the 

adsorption of water [55, 56], alkane, benzene [48], and graphene 
[57, 58] on metal surfaces. Furthermore, although the solvation 
energies of chemisorbates in water have been shown to be 
functional‐dependent [59], systematic comparisons with exper
imental values remain scarce in the literature.

To address whether dispersion corrections are generally required 
to describe adsorption phenomena, Figure 1 shows parity plots 
comparing the calculated adsorption enthalpies of CO(g) on 
various transition metals. These calculations were performed 
using PBE both with and without D3 corrections (ΔHPBE − D3

CO and 
ΔHPBE

CO , respectively), as well as RPBE with and without D3 cor
rections (ΔHRPBE − D3

CO and ΔHRPBE
CO , respectively). Figure 1A,B

shows the parity plots for PBE with D3(ZD) and D3(BJ) correc
tions, respectively (ΔHPBE − D3(ZD)

CO and ΔHPBE − D3(BJ)
CO ), whereas 

Figure 1C,D shows the corresponding results for the RPBE 
functional (ΔHRPBE − D3(ZD)

CO and ΔHRPBE − D3(BJ)
CO ). In all cases, the 

regression lines exhibit slopes close to unity but are shifted 
downward relative to the parity line (y = x), which indicates that 
the D3‐corrected functionals generally produce more negative CO 
adsorption energies than the standard functionals.

The average stabilization of the PBE‐D3‐calculated adsorption 
energies relative to the plain PBE functional is indicated by the 
offsets in Figure 1, yielding values of 0.22 and 0.27 eV for the D3 
(ZD) and D3(BJ) methods, respectively. This finding is consistent 
with a previous report of 0.23 eV for PBE‐D3(ZD) [47]. In contrast, 
the RPBE functional exhibits larger offsets, with stabilizations of 
0.33 and 0.86 eV for the D3(ZD) and D3(BJ) corrections, respec
tively. Notably, in addition to the substantial adsorption energy 
differences introduced by the D3(BJ) damping, this scheme also 
modifies the *CO adsorption sites on Ni(111), Pd(100), Co(0001), 
and Ru(0001) relative to both the plain RPBE and RPBE‐D3(ZD) 
calculations (see Supporting Information S1: Table S5).

The CO adsorption enthalpy can be expressed as 
ΔHDFT

CO = (Δf H∗CO − Δf H∗) − Δf HCO(g), where the term in pa
rentheses represents the solid‐phase contribution, Δf HCO(g) is the 
gas‐phase contribution, and the subindex f indicates that Δf H is 
a formation enthalpy. Because the PBE‐calculated formation 
enthalpies of CO(g) with and without D3 corrections are nearly 
identical (Δf HPBE

CO(g) ≈ Δf HPBE − D3(ZD)
CO(g) ≈ Δf HPBE − D3(BJ)

CO(g) ), the D3 
corrections primarily alter the solid‐phase thermochemistry 
predictions of PBE. A similar behavior is observed for RPBE‐D3 
(ZD), where the zero‐damping formation enthalpies closely 
match those obtained with plain RPBE. However, when BJ 
damping is employed, the computed Δf HCO(g) differs by 0.31 eV 
between RPBE and RPBE‐D3(BJ), indicating that the stabiliza
tion induced by this damping scheme cannot be ascribed solely 
to changes in the solid‐phase thermochemistry. Supporting 
Information S1: Table S6 lists the CO(g) formation enthalpies 
across all evaluated scenarios.

3.2 | Comparison With Experimental Energies

As previously mentioned, prior studies have revealed notable 
deviations between DFT predictions of adsorption energies and 
experimental benchmarks [48]. These findings challenge the 
widespread assumption that the DFT‐calculated energies of 
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products (the adsorbed phase) and reactants (the free molecule 
and clean metal surface) in ∗ + CO(g) → ∗CO entail similar 
errors and thus cancel out. This approximation may be partic
ularly questionable for chemisorption processes on metals, 
where the chemical bonding environment of the free molecule 
changes drastically upon adsorption. For instance, although 
CO(g) exhibits discrete orbitals, *CO on transition metals ex
hibits broadened electronic states emerging from the hybridi
zation of the CO orbitals with the metal bands [60–62]. This 
assumption of complete error cancellation during CO adsorp
tion is illustrated in Figure 2A, where the errors associated with 
the reactants and products are represented by orange squares 
enclosing the compounds, alongside the resulting expression for 
the total error (εT = 0).

The significant errors reported above motivated us to 
formulate a strategy that corrects the energies of the free 
molecules using Equation (3) and assuming that error 
cancellation holds exclusively between the energies of the 
metal slab with and without the adsorbate (εCO = 0), such 
that the total error is attributed solely to the gas phase 
(εT = − εCO(g)). Indeed, both the PBE and RPBE functionals 
have proven capable of reproducing experimental onset po
tentials for CO2 electroreduction as well as activity trends for 
the 2e− O2 reduction reaction to H2O2 using this approxi
mation [50, 63]. This approach is schematically illustrated in 
Figure 2B, where the gas‐phase error is highlighted in red 
and the identical slab errors with and without the adsorbate 
are shown in orange.

FIGURE 1 | Parity plot comparing the adsorption enthalpies of CO(g) on transition metals determined using the PBE and RPBE functionals and 
their D3‐corrected versions: (A) PBE‐D3(ZD); (B) PBE‐D3(BJ); (C) RPBE‐D3(ZD); and (D) RPBE‐D3(BJ). In all panels, the regression equations are 
provided alongside the corresponding mean and maximum absolute errors (MAE and MAX, respectively).

4 of 11 cScience, 2026

 30676630, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/csc3.70031 by T

echnische U
niversitaet W

ien, W
iley O

nline L
ibrary on [23/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



A more rigorous treatment accounts explicitly for the error in 
the gas phase (εCO(g) s 0) while assuming complete error 
cancellation between the energies of the clean metal slab and 
the metal atoms not directly involved in bonding with the 
adsorbate, thus assigning an error to the adsorbate (εCO s 0), 
see Figure 2C. Prior computational studies have shown that 
accounting for these two distinct errors unifies the results ob
tained with different functionals and aligns them with experi
mental observations [27, 28, 47, 64], thereby enhancing 
computational predictions.

To further assess the effect of D3 corrections on the computa
tional modeling of CO adsorption, the three approaches out
lined in Figure 2 were evaluated using the PBE and RPBE 
functionals, both with and without D3 (ZD) and D3 (BJ) cor
rections. The results are presented in Figure 3, where each 
approach is compared with the experimental enthalpies (ΔHexp

CO ) 
reported by Wellendorff et al. [48]. In Figure 3, the data ob
tained using PBE are displayed in the first row, whereas the data 
from RPBE are compiled in the second row. Each column cor
responds to a distinct damping method for the dispersion cor
rections: the first column contains the results without 
dispersion corrections (without D3), the second shows the re
sults with zero‐damping corrections (D3 (ZD)), and the third 
presents the results incorporating the corrections using BJ 
damping (D3 (BJ)). Moreover, the red datapoints in each panel 
correspond to the scenario where complete error cancellation is 
assumed (DFT as is, see Figure 2A), the purple datapoints 
denote the gas‐phase‐corrected predictions (GPC; see 
Figure 2B), and the green datapoints represent enthalpies in 
which both the gas‐ and adsorbed‐phase errors have been cor
rected (GPC + APC, see Figure 2C; APC: adsorbed‐phase cor
rections). Briefly, the gas‐phase corrections counteract the CO(g) 

error derived from the experimental formation enthalpy of CO(g) 

(εCO(g), see Supporting Information S1: Note S1) [30], whereas 
adsorbed‐phase corrections counteract the mean εCO, which 
represents the average of the *CO error on all evaluated metals 
using the experimental enthalpies of adsorption [47, 48].

As illustrated in Figure 3A, the “DFT as is” enthalpies obtained 
with PBE are more negative than the experimental values by 
approximately 0.34 eV. This deviation is further exacerbated by 

D3 (ZD) and D3 (BJ) corrections, which yield considerably 
higher MAEs of 0.57 and 0.62 eV in Figure 3B,C, respectively. 
These observations indicate that dispersion corrections are 
disadvantageous for modeling CO adsorption on transition 
metals using the PBE functional. Gas‐phase corrections mark
edly improve the predictive capability of PBE, as shown by the 
purple trends in Figure 3A–C; these corrected values align 
closer to the parity line, yielding lower MAEs of 0.11, 0.27, and 
0.27 eV. Notably, removing the gas‐phase errors isolates the 
adsorbed‐phase errors as the only contribution, revealing that 
both PBE‐D3 (ZD) and PBE‐D3 (BJ) possess larger εCO values 
than plain PBE. Finally, when both the gas‐ and adsorbed‐phase 
energies are corrected, the predicted enthalpies of PBE, PBE‐D3 
(ZD), and PBE‐D3 (BJ) cluster closely along the parity line, 
exhibiting MAEs as low as 0.10 eV, which approach chemical 
accuracy (~0.04 eV). In summary, although the correction 
scheme outlined in Figure 2C is the most effective approach for 
minimizing the errors of PBE, PBE‐D3 (ZD), and PBE‐D3 (BJ), 
the scheme in Figure 2B serves as a reasonable approximation 
for plain PBE calculations but not for PBE‐D3 (ZD) and PBE‐ 
D3 (BJ).

Regarding the RPBE functional, the plain RPBE enthalpies 
presented in Figure 3D exhibit remarkable agreement with 
experimental data, yielding a low MAE of 0.08 eV [17]. 
Conversely, RPBE‐D3 (ZD) and RPBE‐D3 (BJ) systematically 
shift the adsorption energies to more negative values, inducing 
severe deviations from experimental observations. Specifically, 
the MAE for RPBE‐D3 (ZD) is 0.39 eV, whereas that of the 
RPBE‐D3(BJ) is approximately the double, reaching 0.81 eV 
(Figure 3E,F). Gas‐phase corrections slightly increase the MAE 
of the uncorrected RPBE from 0.08 to 0.11 eV, which indicates 
that the full error cancellation assumption shown in Figure 2A
is well justified for this particular system, as no additional cor
rections are required to achieve accurate adsorption energies.

Furthermore, the gas‐phase correction increases the MAE of the 
RPBE‐D3 (ZD) functional by 0.01 eV (0.39 vs. 0.40 eV in 
Figure 3E), indicating that εCO(g) is negligible and that the total 
error is predominantly driven by errors in the adsorbed phase. 
Conversely, for RPBE‐D3 (BJ), the gas‐phase corrections 
noticeably reduce the MAE from 0.81 to 0.58 eV. Similar to the 

FIGURE 2 | Approximations to estimate the total error for CO adsorption on metals. (A) The DFT errors in the product and reactant energies are 
assumed to be similar (in orange). (B) Only the errors of the metal slab with and without the adsorbate are assumed to be similar (in orange); 
therefore, the CO(g) error (in red) is corrected. (C) The errors of the metal atoms in the slabs cancel out with and without the adsorbate (both 
shown in orange). Thus, the total error results from the gas‐phase error of CO (εCO, in red) and the error in *CO (εCO, in blue). In all cases, the 
resulting expression of the total error (εT) is shown.
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PBE functional, the addition of D3 (ZD) and D3 (BJ) corrections 
degrades the description of the adsorbed phase for RPBE, 
yielding MAEs of 0.40 and 0.58 eV compared to the value of 
0.11 eV, corresponding to the uncorrected case (Figure 3D–F). 
Finally, when both the gas‐ and adsorbed‐phase corrections are 
incorporated, the RPBE, RPBE‐D3 (ZD), and RPBE‐D3 (BJ) 
predictions achieve agreement with experimental values to 
within 0.10 eV across all cases.

Figure 3 reveals that the application of D3 corrections shifts 
both εCO(g) and εCO to varying degrees depending on the selected 
damping function. In turn, Figure 4 summarizes the tradeoff 
between the gas‐ and adsorbed‐phase errors, which illustrates 
that only plain RPBE exhibits gas‐ and adsorbed‐phase errors of 
similar magnitudes and identical signs, resulting in an effective 
cancellation of errors. In contrast, all other evaluated func
tionals exhibit large individual errors of opposite signs; conse
quently, their contributions accumulate rather than cancel, 
thereby increasing the magnitude of the total error. Supporting 
Information S1: Tables S7 and S9 list the calculated gas‐ and 
adsorbed‐phase errors for each functional, whereas Supporting 
Information S1: Tables S3, S8, and S10 list the respective un
corrected, gas‐phase corrected (GPC), and fully corrected 
(GPC + APC) adsorption enthalpies.

For completeness, we note that the present deconvolution scheme 
is specifically designed to isolate and eliminate systematic DFT 

errors. Alternatively, other methodologies in literature leverage 
error cancellation by means of isodesmic reactions for adsorbates 
[31]. Furthermore, a recent work used DFT+U [65] in combina
tion with various functionals to examine CO adsorption on 
transition metals. The authors showed that functional‐ and atom‐ 
specific values of U applied to the p orbitals of C and O atoms help 
resolve the “CO puzzle” both qualitatively and quantitatively [21]. 
As detailed in Note S3 (Supporting Information S1: Table S13), 
PBE, PBE‐D3, PBE‐D3+U, RPBE, RPBE‐D3, and RPBE‐D3+U 
calculations were performed to evaluate CO adsorption on Pt 
(111). The site preference of *CO adsorption on Pt(111) is 
correctly reproduced when employing the PBE‐D3+U and RPBE‐ 
D3+U formulations. For both functionals, the inclusion of the U 
term decreases the overbinding tendency observed in the corre
sponding D3 calculations. Although PBE‐D3+U yields a lower 
error than plain PBE, RPBE‐D3+U is less accurate than plain 
RPBE. In any case, the values of U should be optimized to 
simultaneously minimize both the gas‐ and adsorbed‐phase er
rors, and the transferability of these paramaters to other C‐ and O‐ 
containing adsorbates remains an important target for future 
investigations.

3.3 | Error‐Aware Adsorption Thermodynamics

Having systematically evaluated the differences in CO adsorp
tion energies between DFT calculations and experimental 
benchmarks, it is instructive to look at them from a 

FIGURE 3 | DFT‐calculated adsorption enthalpies of CO versus the experimental adsorption enthalpies of CO for (A) PBE, (B) PBE‐D3(ZD), 
(C) PBE‐D3(BJ), (D) RPBE, (E) RPBE‐D3(ZD), and (F) RPBE‐D3(BJ). Each panel incorporates different corrections: without energy rectification 
(DFT as is, in red), including only gas‐phase corrections (GPC, in purple), and including both gas‐ and adsorbed‐phase corrections (GPC + APC, 
in green). All panels show the regression fits and MAEs at each correction stage. The corresponding MAXs are listed in the Supporting 
Information S1: Table S11.
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thermodynamic perspective. Figure 5 summarizes the effect of 
D3 corrections on CO(g) adsorption. The enthalpy diagrams 
include the states of CO(g) and *CO and use C(s) +

1
2O2(g) + ∗ as 

a reference state. In Figure 5A, the experimental data for CO(g) 

and *CO adsorbed on Cu (represented by “*”) are shown in 
green, whereas the enthalpies obtained with an arbitrary func
tional “XC” are shown in black. Copper was selected as a 
representative case study for this illustration due to its relevance 
in CO and CO2 electrocatalytic reduction [4, 66]. Crucially, the 
reference state remains consistent between experimental mea
surements and computational models only when the DFT‐ 
calculated energy of O2(g) is corrected. Thus, all DFT‐ 
calculated energies in Figure 5 incorporate the well‐ 
documented gas‐phase correction for O2(g) [67, 68] (Support
ing Information S1: Note S1.1).

As the reference baseline in these enthalpy diagrams comprises 
the elements in their standard states alongside the free Cu(111) 
surface sites, the energy difference relative to the initial state 
(“CO(g) + *”) in Figure 5A is equivalent to the formation 
enthalpy of CO (Δf HCO(g)). Accordingly, the distance from the 
origin to the second state (“*CO”) represents the formation 

enthalpy of adsorbed CO (Δf H∗CO). The difference between 
these two states yields the CO adsorption enthalpy 
(ΔHCO@Cu = Δf H∗CO − Δf HCO(g)). Moreover, the discrepancies 
between the experimental benchmarks and XC enthalpies 
reflect the gas‐ and adsorbed‐phase errors. Specifically, the de
viation between Δf Hexp

CO(g)
and Δf HXC

CO(g)
amounts to the CO(g) 

error (εCO = Δf HXC
CO(g)

− Δf Hexp
CO(g)

, in red in Figure 5), and the 
difference between the adsorbed‐phase formation enthalpies, 
Δf Hexp

∗CO and Δf HXC
∗CO, is the adsorbed‐phase error 

(εCO = Δf HXC
∗CO − Δf H

exp
∗CO, represented by cyan arrows). Sup

porting Information S1: Note S2 comprehensively details how 
εCO and εCO are related to the red and cyan arrows in Figure 5.

Figure 5B compares the experimental enthalpies with those 
calculated using PBE, PBE‐D3 (ZD), and PBE‐D3 (BJ). This 
figure reveals that the gas‐phase predictions for PBE deviate 
from the experimental baseline by ~0.30 eV on average over Cu; 
conversely, the calculated formation enthalpies of *CO become 
more negative than the experimental data by approximately 
0.24 eV upon introducing D3 corrections, which increases the 
adsorbed‐phase error from −0.06 to −0.24 eV.

FIGURE 4 | Gas‐ (red) and adsorbed‐phase (blue) errors calculated for PBE, RPBE, and their D3‐corrected versions with two different damping 
functions. Because the difference between these two errors corresponds to the total error in the adsorption enthalpy (violet, see Equation (3)), error 
cancellation only occurs when the blue and red bars possess similar sizes and identical signs, as is the case for plain RPBE, which is highlighted in 
pink.
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Furthermore, Figure 5C evaluates the results obtained for the 
RPBE functional. The CO formation enthalpies calculated using 
RPBE and RPBE‐D3 (ZD) track the experimental benchmarks 

closely, exhibiting negligible errors. However, the incorporation 
of BJ damping produces a less negative gas‐phase enthalpy 
value, thereby expanding the gas‐phase error to 0.23 eV. Similar 

FIGURE 5 | Enthalpy diagram showing the overall effect of D3 dispersion corrections on CO adsorption on Cu(111). (A) Comparison between the 
experimental values (“exp”) and predictions from an arbitrary functional XC. (B) Comparison between the experimental values and PBE predictions 
without D3 corrections (“Without D3”) and with zero‐damping (D3 (ZD)) and BJ‐damping (D3 (BJ)) corrections for CO adsorption on Cu(111). 
(C) Comparison between the experimental values and RPBE predictions without D3 corrections (“Without D3”) and with zero‐damping (D3 
(ZD)) and BJ‐damping (D3 (BJ)) corrections for CO adsorption on Cu(111). The experimental (green), uncorrected (blue), D3 (ZD)‐corrected 
(orange), and D3 (BJ)‐corrected (purple) enthalpies are provided in each case. The differences between the predicted and experimental CO(g) 

formation enthalpies are depicted in red (εCO), and the differences between the predicted and experimental formation enthalpies of *CO are 
depicted in cyan (εCO).
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to the trends identified for PBE, the application of D3 correc
tions results in overly negative *CO formation enthalpies on Cu, 
leading to larger adsorbed‐phase errors than those of plain 
RPBE. Specifically, the overestimations introduced by zero and 
BJ damping lead to adsorbed‐phase errors as large as −0.31 and 
−0.56 eV, which are in stark contrast with the small error of 
−0.04 eV obtained with plain RPBE.

4 | Conclusions

In this study, we investigated whether the use of dispersion 
corrections by default for adsorption energies is advisable. To 
address this question, the effects of two different D3 corrections 
(with zero and BJ damping) on the CO adsorption energies were 
systematically examined across eight transition metals (Ni, Pt, 
Pd, Ir, Rh, Cu, Co, and Ru). When employing the PBE and 
RPBE functionals, the inclusion of D3 corrections consistently 
yielded more negative adsorption energies relative to the plain 
functionals and experimental benchmarks.

As indicated by the MAEs presented in Figure 3, the deviations 
from experimental values obtained for PBE increased from 
0.34 eV for the plain functional to 0.57 and 0.62 eV when zero‐ 
damping and BJ‐damping D3 corrections were implemented, 
respectively. For RPBE, the introduction of D3 (ZD) and D3(BJ) 
corrections leads to an overstabilization of 0.39 and 0.81 eV 
relative to experimental data, contrasting sharply with the plain 
RPBE predictions, which deviate by only 0.08 eV.

To rationalize these trends, an error decomposition scheme was 
applied, which revealed a distinct functional‐dependent impact 
of the D3 corrections. For PBE, the addition of D3 corrections 
results in only minor adjustments in the gas‐phase error (0.26 
vs. 0.29 vs. 0.34 eV; see Figures 4 and 5B and Supporting 
Information S1: Table S7), whereas the mean adsorbed‐phase 
error increased by 0.19 eV, as evidenced by the purple offsets 
in Figure 3A–C (−0.08 vs. −0.27 vs. −0.27 eV; see Figure 4 and 
Supporting Information S1: Table S9). The effect is significantly 
more pronounced when examining the RPBE functional: The 
gas‐phase error changes marginally with the inclusion of zero 
damping corrections (−0.08 vs. −0.02 eV in Figures 4 and 5C) 
but expands to 0.23 eV when BJ damping is applied. Further
more, the mean adsorbed‐phase error calculated across the eight 
transition metals (reflected by the purple offsets in Figures 3D–F
and 4) increases substantially relative to the uncorrected RPBE 
baseline: −0.09 versus −0.40 eV for zero damping and −0.58 eV 
for BJ damping.

These findings indicate that (1) RPBE, the prototypical func
tional for CO adsorption modeling, exhibits a higher sensitivity 
to D3 corrections than the PBE functional, and (2) BJ damping 
consistently induces larger gas‐ and adsorbed‐phase errors than 
zero‐damped or as is DFT calculations. Only when the gas‐ 
phase energies are fully corrected and the corresponding 
adsorbed‐phase energies are corrected using a mean value 
across metals do the DFT predictions align with experimental 
data within the limits of chemical accuracy, regardless of the 
underlying functional and damping scheme selected.

Collectively, these results shed light on a frequently overlooked 
pitfall in catalysis modeling: D3 dispersion corrections should be 

added when strictly necessary, not by default. We hope this 
work prompts computational chemists to become more aware of 
the thermochemical errors present in the DFT calculations of 
molecules and adsorbates and how they may mislead catalytic 
models by predicting inaccurate adsorption energies.
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