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Abstract

The conversion of carbon dioxide into useful or environmentally benign chemicals is

currently of great interest to reduce greenhouse gas emissions. Yet in spite of numerous

efforts effective CO2 conversion still presents a considerable challenge. One of the most

promising catalysts for CO2 conversion to hydrocarbons is copper. In this computa-

tional study based on density functional theory we have addressed bimetallic PbCu

catalysts to elucidate whether there are synergistic catalytic effects through the alloy-

ing of Cu with Pb, as suggested experimentally. Using a well-established descriptor

for the catalytic activity based on hydrogen and CO adsorption energies, we analyzed

the potential catalytic activity of PbCu surface alloys on copper. The computational

results confirm that through a combination of strain and ligand effects these surface

alloys can act as favorable catalysts for valuable hydrocarbons.
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Introduction

Reducing carbon dioxide emissions is a central objective in climate change mitigation.1

However, this reduction alone will not be sufficient to reach the climate goals, in addition

CO2 also needs to be converted into useful or at least harmless products.2,3 Furthermore,

some societally and economically important processes such as waste incineration or cement

production will continue to produce carbon dioxide.4,5 More generally, carbon dioxide needs

to become a feedstock in the strive for a circular economy. This means that there is a need

for carbon dioxide to be chemically converted into a plethora of compounds.

Regarding carbon dioxide removal (CDR) technologies, compounds like oxalate or formic

acid are desirable compounds as they allow the save and energetically inexpensive storage

of carbon.2 On the other hand, for industrial purposes, CO2 can also be converted to prod-

ucts such as carbon monoxide and hydrocarbons. Carbon monoxide can be used, e.g., for

the production of phosgene.6 Complex hydrocarbons can be used, e.g., as synthetic fuels

or as the basis for commodity chemicals.7 Thus, the conversion of carbon dioxide into ei-
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ther value added products for industrial purposes or sink products for CDR has become of

increasing interest to combat climate change.2,3,8,9 Both paths require efficient and ideally

cheap catalysts for CO2 reduction.2,10,11 One way to chemically convert carbon dioxide is

electrochemical reduction. This has motivated numerous research activities, but it is fair to

say that an ideal CO2 reduction reaction (CO2RR) catalyst is still missing.12–17

Although the ideal catalyst remains elusive, there are promising experimental results such

as waste-derived copper-lead catalysts promoting CO as main product or a cerium-added

metal alloy facilitating solid carbon production for electrocatalytic CO2 reduction.18,19 It is

certainly fair to say, for improving upon CO2RR catalysts a robust theoretical understanding

of structure-reactivity relations can be very beneficial.20 Insight in these relations is impor-

tant as due to the inherent complexity of the CO2RR, it is still a challenge to adequately

describe the corresponding catalytic processes on a quantum chemical level.21–27

To reduce this complexity of catalytic reactions, descriptors can be used. Descriptors

reflect correlations between material properties and desired or undesired functionality of

these materials.28 The identification of descriptors can considerably accelerate the search

for materials with desired functional or multi-functional properties because in a first step

only materials with the optimized descriptor need to be detected.29–33 In the field of CO2

conversion, Bagger et al. identified descriptors for the selectivity of the electrochemeical

CO2RR on transition metal cathodes/catalysts.34 They used binding energies of possible

intermediates in the CO2RR as descriptors for the main product of the reaction which was

derived from experiments by Hori et al.35 As a result they found that using the individual

adsorption energies of (atomic) hydrogen and carbon monoxide on the fcc (111) surface

of transition metals, the metals could be clustered into four main product groups. These

main products are H2, CO, HCOOH, and Beyond CO where Beyond CO stands for any

hydrocarbon or alcohol. Consequently, the adsorption energies of hydrogen and carbon

monoxide can be used as descriptors for these four product groups.

In our present work, we focussed on the catalytic activity of copper-lead alloys regard-
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ing CO2 reduction. Among transition metals as catalysts, copper stands out, as it is the

only (pure) metal that is considered to be able to catalyze the production of hydrocarbons

from CO2.34 This makes the idea enticing of slightly modifying copper surfaces to possibly

get a more efficient catalyst. In fact, experimental studies have already shown that CuPb

bimetallic catalysts can exhibit favorable catalytic properties with respect to carbon dioxide

reduction.18,36–39

Our work first re-analyzes the approach from Bagger et al.34 and proposes a workflow for

systematically examining the catalytic properties of surface alloys. We have then used this

workflow to determine the suitability of copper lead surface alloys for catalysing the electro-

chemical CO2RR. The workflow included the determination of hydrogen and CO adsorption

energies on CuPb/Cu(111) surface alloys performing first-principles electronic structure cal-

culations. The adsorption energies on the bimetallic catalysts have been analyzed using the

concept of strain and ligand effects. Our work suggests that Pb doping of Cu catalysts can

with certain caveats improve the performance of the Cu catalysts.

Theoretical and computational approach

Quantum chemical calculations

All calculations were performed in the spin-unpolarized formalism using VASP 6.3.0 (Vienna

Ab initio Simulation Package).40–43 Spin-unpolarized calculations are sufficient as carbon

monoxide is a closed shell system, hydrogen looses its electron fully to the electron sea of the

metal and both copper and lead or not magnetic. Nevertheless, adequacy of spin-unpolarized

calculations was confirmed on a subset of all structures (section S1 of the Supporting In-

formation). Geometries were generated with the ASE (Atomic Simulation Environment)

Python package.44 The supercell consisted of a five-layer 3 × 3 slab of the (111) fcc surface

with 15 Å vacuum. The two bottom layers were fixed.

Van der Waals (VdW) interactions were corrected using the zero-damping DFT-D3
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method of Grimme.45,46 To mitigate the known overestimation of metal–metal interac-

tions,47–49 VdW interactions between identical or dopant metal atoms were disabled. Addi-

tionally, to reduce overestimation of long-range dispersion on metal surfaces,50 VdW inter-

actions between the adsorbate and the bottom four layers were excluded.

A plane-wave cutoff of 600 eV with Gaussian smearing and fixed cell shape was used.

Structures were relaxed until all forces were below 0.01 eVÅ−1. The standard pseudo poten-

tials after42 were used, which treat 3d104s1 electrons for copper and 6s26p2 electrons for lead

as valance electrons. A Monkhorst–Pack sampling51,52 with 6 × 6 × 1 k-point grid was em-

ployed. For the density of states calculations the pseudo potential of lead was swapped to the

pseudo potential treating 5d106s26p2 as valance electrons and consecutive Monkhorst–Pack

sampling grids of 11 × 11 × 1 and 21 × 21 × 1 were used. All calculations employed the

revised Perdew–Burke–Ernzerhof (RPBE) functional within the GGA framework, combined

with the projector-augmented wave (PAW) method.53 The RPBE-D3 approach was chosen

as it is well suited for investigating adsorption problems.46

Descriptors for the CO2RR

Bagger et al. suggested the non-coupled gold referenced binding energies (eq. 1) of hydrogen

and carbon monoxide as descriptors for electrochemical CO2 reduction (see Ref.34 for details):

∆EA∗ = EMetal,A∗ − EMetal − (EAu,A∗ − EAu) + mean(∆EGas phase
Au,A∗ )

∆EGas phase
Au,A∗ = EAu,A∗ − EAu − EGas phase

A

(1)

In their calculations they used the ensembles of 2000 energies from the Bayesian Error

Estimation Functional (BEEF-vdW).55,56 Ensembles allow for the determination of mean and

standard deviation for each DFT-calculation which is why error ellipses (first σ confidence

interval) for adsorption energies are obtained instead of just one point.34 Consequently, in

Eq. 1 the adsorbate is A, the ensemble consisting of 2000 energy values of the adsorbate on

the metal is EMetal,A∗ , the metal energy ensemble is EMetal, the gold reference ensemble is
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Figure 1: Comparison of plots of the data from of Bagger et al.34 once evaluated with a
gold reference (eq. 1) (a) and once without (eq. 15) (b).54 Two free energy lines are drawn:
horizontal signifying CO CO* with ∆G = 0, and vertical signifying 1

2H H* with
∆G = 0, where the asterisk (*) denotes adsorption of the intermediate on the surface. The
dashed line signifies the separation of carbon monoxide and formic acid as catalysis product.
It is derived as being halfway between the data point for Zn and Cd. The plot has four
areas H2, CO, HCOOH and Beyond CO. Metals are grouped by the main product of CO2
reduction with the metal as cathode, where Beyond CO stands for any hydrocarbon or
alcohol.

(EAu,A∗ − EAu) and the shift by the mean binding energy on gold is mean(∆EGas phase
Au,A∗ ).

Using the descriptors, metals can be clustered into four categories, namely H2, CO,

HCOOH and Beyond CO. These categories refer to the main product of the CO2RR with

the metal as cathode (according to the experiments of Hori et al.35), where Beyond CO in

Fig. 1 stands for any hydrocarbon or alcohol.34 Three lines separate the metals.

The vertical solid black line is constructed from the zero point energy, entropy, and heat

capacity values from Chan et al.57 and a correction of 0.09 eV, due to functional errors (for

detail see section S2 of the Supporting Information).58,59 The vertical solid black line marks

the thermodynamics of 1
2H2 H* with ∆G = 0. The asterisk (*) denotes adsorption of

the intermediate on the surface. The line is drawn at −0.2 eV.

6



With respect to the vertical line in Fig. 1 identifying the equilibrium between molecular

hydrogen and adsorbed atomic hydrogen we note that the original line in34 (Bagger et al.)

was erroneously misplaced at -0.08 eV, as also acknowledged by the authors.60 Here we use

the corrected hydrogen equilibrium line.

The horizontal solid black line is constructed from the zero point energy, entropy, and

heat capacity values from Chan et al.57 and a water correction for the binding energy of

CO* of 0.1 eV (for detail see section S2 of the Supporting Information).61 The horizontal

solid black line marks the thermodynamics of CO CO* with ∆G = 0 and is drawn at

−0.4 eV.

The short vertical dashed black line is constructed by taking the mean H adsorption

energy of Zn and Cd. This line does not have any thermodynamic interpretation attached

to its derivation. To make this distinction in derivation clear the line was drawn dashed as

compared to solid for the lines with thermodynamic reasoning in their derivation.

In applying these descriptors, some assumptions are made, namely: First, the metals

have the same response to the electrochemical environment. Second, the information of

the reaction pathway can be condensed to key binding energies. And third, although the

reactions could take place on defects or kinks, considering adsorption energies of the metals

(111) surface is sufficient.34

The assumption that the reactions do not take place on defects or kinks is not met, at

least for copper. According to Scholten et al. surface defects, steps, and kinks are the most

important catalytic sites of Cu(111) for the CO2RR.62 That the reactions take place on

special sites does not invalidate the descriptors, it just means that each unique adsorption

site has to be considered when assessing a potential catalyst. Scholten et al. also validated

experimentally that the CO adsorption energy correlates with the ability of a surface to

catalyze the CO2RR.62 The adsorption energy of carbon monoxide and hydrogen can still

be used as descriptors to identify catalytic sites of interest which facilitate the CO2RR.
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Workflow

In our study, we have performed DFT calculations to determine adsorption energies of hydro-

gen and CO on metal alloy slabs. Testing all possible unique adsorption sites requires a huge

number of necessary calculations per surface slab as the number of atomic configurations and

their distinct adsorption sites increases exponentially with size. To potentially reduce the

number of alloy patterns for which hydrogen and carbon monoxide adsorption energies have

to be examined, screening of thermodynamic stability criteria based on a workflow proposed

by Xiong et al.,63 was introduced.

Catalyst

Figure 2: Workflow for systematic identification of suitable catalysts for the CO2RR. The
process is based on Xiong et al.63 The first three steps Ecohesive < 0, Eformation < 0, and
Ealloybinding < 0 eliminate unstable surfaces. The final step compares ECO

ads and EH
ads following

the descriptor approach of Bagger et al.34

A central quantity with respect to the stability of materials is the cohesive energy,

Ecohesive = Esystem −
Natoms of system∑

i=1
Eatom i . (2)

The cohesive energy represents the energy gained when the material is formed from free

atoms.

In this work we consider surface alloys, i.e., bimetallic systems in which the alloy is only

formed in the first layer.64 The formation energy can be calculated according to:

Eformation = EM1[M2] slab + nrep EM1 atom − (EM1 slab +nrep EM2 atom) (3)
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Here, M1 denotes the bulk metal and M2 the dopant. EM1[M2] slab is the ground-state energy

of the surface alloy slab, nrep the number of M2 atoms, EM1 atom the ground-state energy

of the bulk metal M1 per atom; EM1 slab the energy of the pure M1 slab, and EM2 atom the

ground-state energy of the bulk metal M2 per atom. A negative Eformation indicates that

the surface alloy formation is thermodynamically more stable than the pure M1 metal slab

and the M2 atoms in their corresponding bulk structure.

The alloy binding energy is defined as:

Ealloybinding = EM1[M2] − (EM1[−] + nrep EM2 atom) (4)

Here, EM1[M2] is the ground-state energy of the alloy slab, EM1[−] is the energy of the defect

slab (with dopant positions vacant), nrep is the number of M2 atoms, and EM2 atom is the

bulk energy of M2 normalized per atom. A negative value indicates that embedding M2

atoms in M1 with a vacancy at the surface is thermodynamically favorable.

Our suggested workflow to determine adsorption energies on stable surface alloys (see

Fig. 2) is divided into two parts. The first three steps assess the thermodynamic stability

of the surface alloy by checking if Ecohesive, Eformation, and Ealloybinding are all less than zero.

The final step evaluates the catalytic suitability by comparing the adsorption energies of CO

and H for a broad variety of adsorption sites, following the framework proposed by Bagger et

al.34 This approach assumes that the reaction pathway and response of the electrochemical

environment of the alloy are comparable to those of the pure metals and that key adsorption

energies can adequately describe catalytic activity.

Using these energetic stability criteria and the descriptors from Bagger et al. the suitabil-

ity of four distinct copper and lead surface alloy patterns illustrated in Fig. 3 as a CO2RR

catalysts was examined. These four patterns where selected because they do not form a new

separate surface layer after reconstruction during relaxation. That means that the adsorp-

tion sites are of the same structure as those of the (111) surface. Therefore, available tools
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(a) (b)

(c) (d)

Figure 3: Starting configurations of all surface alloys chosen for the examination of adsorption
energies. (a) A1B8(3×3)/B(111), (b) A2B7(3×3)-hex/B(111), (c) A2B7(3×3)-dimer/B(111),
A3B6(3 × 3)/B(111).
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for (111) surface generation and adsorbate placement can be used. This selection of patterns

satisfies the restriction, that the relaxed surface can be describable as a fcc (111) surface

with dopant atoms. On these surfaces, a multitude of possible adsorption sites was tested,

as illustrated in section S3 of the Supporting Information. Substitution of more than three

atoms for larger atoms (big radii differences) leads to reconstructions in which a new layer

is formed as the original layer is too small to accommodate the bigger atoms.

Results and Discussion

Comparison of Adsorption Energies and Gold-Referenced Adsorp-

tion Energies

In a first step, we considered the particular reference used by Bagger et al.34 in their deter-

mination of the adsorption energies. The descriptors proposed by Bagger et al. differ from

standard adsorption energies by the introduction of a gold reference. They also used ensem-

bles of adsorption energies to estimate the error of the DFT calculations. In the following,

we will show that the mean of such a gold referenced ensemble is identical to the mean of
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an ensemble of standard adsorption energies:

Ē := mean(E) =
N∑

i=1
αi Ei ;

N∑
i=1

αi = 1 (5)

∆EA∗ = mean
(

EMetal,A∗ − EMetal − (EAu,A∗ − EAu) + mean(∆EGas phase
Au,A∗ )

)
(6)

=
N∑

i=1
αi

(
EMetal,A∗,i − EMetal,i − (EAu,A∗,i − EAu,i) (7)

+
N∑

j=1
αj(∆EGas phase

Au,A∗,j )
)

=
N∑

i=1
αi

(
EMetal,A∗,i − EMetal,i − (EAu,A∗,i − EAu,i)

)
(8)

+
N∑

i=1
αi

N∑
j=1

αj(∆EGas phase
Au,A∗,j )

=
N∑

i=1
αi

(
EMetal,A∗,i − EMetal,i − (EAu,A∗,i − EAu,i)

)
(9)

+
N∑

j=1
αj(∆EGas phase

Au,A∗,j )

=
N∑

i=1
αi

(
EMetal,A∗,i − EMetal,i − (EAu,A∗,i − EAu,i) + ∆EGas phase

Au,A∗,i

)
(10)

= mean
(

EMetal,A∗ − EMetal − (EAu,A∗ − EAu) + ∆EGas phase
Au,A∗

)
(11)

= mean
(

EMetal,A∗ − EMetal − (EAu,A∗ − EAu) (12)

+ EAu,A∗ − EAu − EGas phase
A

)
= mean

(
EMetal,A∗ − EMetal−(EAu,A∗ − EAu) (13)

+EAu,A∗ − EAu − EGas phase
A

)
= mean

(
EMetal,A∗ − EMetal − EGas phase

A

)
(14)

Starting with the definition of ∆EA∗ (eq. 6), the mean is expressed as a weighted sum

over the ensemble energies (eq. 7). The sum is then split into two terms: one dependent on

index i and one independent of i (eq. 8). For the independent term, the contents can be

factored out, and since ∑
i αi = 1, multiplication by the sum does not alter the expression
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(eq. 9). The sums over i and j can be combined (eq. 10), yielding equation 11 for the mean.

Inserting the definition of ∆EGas phase
Au,A∗ (eq. 12) reveals that the gold reference cancels (eq. 13),

leaving the mean of the standard adsorption energies (eq. 14).

In Fig. 1, each ellipse represents the adsorption energies for carbon monoxide and hydro-

gen on a specific metal. As mentioned above (section ), the adsorption energy calculations

are based on DFT calculations using the BEEF-vdW method. This method evaluates mul-

tiple functionals and returns an ensemble of 2000 energies. The ellipses are then generated

by taking the first σ confidence interval. The mean of a given ensemble is represented by the

center of the error ellipse. Therefore, if the mean does not change whether the gold reference

is used or not, the ellipses center should not move when comparing Figs. 1 (a) and (b). As

was proved the center does not change.

Since the gold reference does not affect the mean, it does not alter the position of the

ellipses. Inclusion or exclusion of the reference however does impact the distribution of the

ensemble and therefore changes the ellipse’s shape. For some metals (e.g., palladium) the

shape changes noticeably, while for others (e.g., copper) the change is minor. However, the

clustering of metals remains unaffected (Fig. 1b). Therefore, adsorption energies can be used

directly without a gold reference:

EA
ads = EMetal,A∗ − EMetal − EGasphase

A (15)

In Eq. 15, A is the adsorbate, EMetal,A∗ the energy ensemble of the surface–adsorbate configu-

ration, EMetal the energy ensemble of clean metal surface, and EGasphase
A the energy ensemble

of isolated adsorbate molecule. Each ensemble consists of 2000 ground-state energies. Be-

cause the gold reference does not alter the mean values and because the clustering was

not affected by the exclusion of the gold reference, only adsorption energies without gold

reference were used in this work.
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Comparison of Copper, Lead, and Platinum results

Beyond CO

H2

CO HCOOH

0.5 0.0 0.5 1.0
EH

ads  [eV]
2.0

1.5

1.0

0.5

0.0

0.5

ECO ad
s  

[e
V]

Pt

Au
Pb

Cu

(a)

Cu
Pt
Pb
top
bridge
fcc
hcp

Beyond CO

H2

CO HCOOH

0.5 0.0 0.5 1.0
EH

ads  [eV]
2.0

1.5

1.0

0.5

0.0

0.5

ECO ad
s  

[e
V]

Pt

Au
Pb

Cu

(b)

Cu
Pt
Pb

Figure 4: Adsorption energies of CO and H. Comparison of results for platinum, copper,
and lead (points) with those of Bagger et al. for platinum, copper, gold, and lead. Panel (a)
shows all adsorption energies, while panel (b) shows only the lowest-energy site combinations.

For platinum, copper, and lead (111) surfaces, adsorption energies were calculated for all

sites: top, bridge, fcc, and hcp, except for the copper bridge adsorption site, as the hydrogen

DFT calculation relaxed to the fcc site. In Fig. 4a, the results are plotted such that the H

and CO adsorption energies for the same site are shown as a single point, e.g., hydrogen at

fcc and carbon monoxide at fcc. The results are presented within the framework and dataset

of Bagger et al. (section ), which makes them easier to interpret and compare. The lowest

adsorption energies correspond to the energetically most favorable sites.

For Cu, the minimum-energy sites are fcc for H and fcc for CO. The predicted CO site

does not match experimental findings, where chemisorbed CO is typically observed at the top

site.65–68 However, this discrepancy is expected. DFT with local or semi-local functionals

often favors the fcc site due to overestimation of back-donation to CO. Overestimated

back-donation is a consequence of the underestimated HOMO–LUMO gap, which enhances

interaction with surface electrons at the fcc site.69,70 For Pt, the minimum-energy adsorption
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site is top for both H and CO, consistent with experimental results for CO.71,72 For Pb, the

energetically most favorable sites are bridge for H and fcc for CO (cf. tab. 2).

The minimum-energy site combinations (e.g., H top and CO bridge for platinum) are

shown in fig. 4b. Compared to Bagger et al., the results fall in the same general regions:

platinum in the bottom left, copper in the center and left, and lead in the top right. Platinum

and lead also match with the H2 and HCOOH groups respectively as described by Bagger et

al.. Copper, however, falls into the H2 group instead of the Beyond CO group. This aligns

with experimental findings from Scholten et al.62 who studied hydrogen adsorption on pris-

tine and rough copper surfaces. They found that rough copper produces hydrocarbons and

alcohols, whereas pristine fcc (111) surfaces of copper produce hydrogen.62 Because pristine

fcc (111) surfaces are used in DFT-calculations one would expect the results to be in the

H2 region. The RPBE-D3 method produces data points in agreement with Scholten et al.’s

results, validating the approach.

Thermodynamic Stability of Surface Alloys

Table 1: Stability criteria for surface alloy patterns. All energies are in eV. Negative values
indicate thermodynamic stability relative to the reference system; positive values indicate
instability. For better comparability stability criteria are normalized. The cohesive energy
is normalized to the number of atoms in the system, and the formation and alloy-binding
energies are normalized to the number of dopant atoms.

structure Êformation Êalloybinding Êcohesive

Pb1Cu8(3 × 3)/Cu(111) -0.58 -1.19 -2.84
Pb2Cu7(3 × 3)-hex/Cu(111) -0.52 -1.15 -2.84
Pb2Cu7(3 × 3)-dimer/Cu(111) -0.38 -0.88 -2.84
Pb3Cu6(

√
3 ×

√
3)/Cu(111) -0.45 -1.11 -2.84

Cu1Pb8(3 × 3)/Pb(111) 0.98 0.89 -2.44
Cu2Pb7(3 × 3)-hex/Pb(111) 0.85 0.71 -2.43
Cu2Pb7(3 × 3)-dimer/Pb(111) 0.58 0.47 -2.44
Cu3Pb6(

√
3 ×

√
3)/Pb(111) 1.04 0.85 -2.41

Next, surface alloys were investigated: Pb-doped Cu and Cu-doped Pb. All four surface

patterns were considered. The first three steps in the workflow examine energy criteria,
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Figure 5: Adsorption energies of H and CO on Cu and Pb surface alloys and Cu, Pb and Pt
metals. The copper doped with lead surface alloys are also colored green. Panel (a) shows
calculations which relaxed to the same adsorption site for CO and H. Panel (b) shows only
the lowest-energy site combinations.

results are summarized in Tab. 1. All PbCu surface alloy configurations on Cu(111) are

thermodynamically stable with respect to the three energetic criteria, formation energy,

alloy-binding energy, and cohesive energy are all negative (see Tab. 1).

In contrast, all CuPb surface alloy configurations on Pb(111) are thermodynamically

unstable with respect to two of the three criteria, both the formation energy and the alloy-

binding energy. Cu-doped lead alloys also exhibit a stronger surface reconstruction when

adsorbates are introduced than Pb-doped copper alloys, further validating instability. Insta-

bility may arise because the smaller copper atom is less coordinated within the larger lead

lattice.

Adsorption Energies on Surface Alloys

The calculated adsorption energies for H and CO on Cu, Pb, and Pt(111) surfaces and on

Cu-doped Pb surface alloys are shown in Fig. 5. Each point represents two DFT calculations,
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one for carbon monoxide and one for hydrogen, for which the adsorbate ended up at the same

site after relaxation. Compared to the pure metals, the alloys show a much wider distribution

of adsorption energies (cf. fig. 5) due to the varying chemical environments. Furthermore,

generally carbon monoxide and hydrogen adsorption energies appear to correlate to a certain

degree as there are no data points for the bottom right and upper left most corner.

Adsorption energies on Pb-doped Cu surfaces are spread between the adsorption energies

on the clean Pb and Cu surfaces. Some sites are energetically even more unfavorable than

on pure Pb. On the other hand, there are no sites produced with lower adsorption energies

than on pure Cu (see the green circle in the H2 region). This indicates that Cu surfaces

alloyed with Pb atoms become less reactive.

The minimum adsorption sites are all on copper atoms (cf. tab. 2) except for the

Pb3Cu6(
√

3 ×
√

3)/Cu(111) pattern where a Pb atom is partially involved, as the carbon

monoxide molecule is (almost) parallel to the surface (1° to surface). The adsorption on top

and near the Pb atoms is unfavorable. In general, the Pb atoms appear to push all adsorbates

away from where they are positioned in the surface. The adsorption on Cu atoms near Pb

gets energetically less favorable compared to the pure Cu slab. In contrast, the adsorption on

Pb atoms becomes energetically more favorable if further Pb atoms are introduced around

it. This is illustrated in Fig. 6 where only adsorption on top sites is considered to probe

the local reactivity of the metal atoms. Both the hydrogen and the CO adsorption becomes

drastically less energetically favorable from the top row to the bottom row, i.e., when the

adsorbates bind to Pb instead of to Cu.

The binding of CO to the surface alloy on Cu top sites becomes only slightly less favorable

from a) to c) whereas for hydrogen the trend is stronger. Even smaller trends but also much

weaker adsorption are observed for the H and CO adsorption on Pb top sites illustrated from

d) to f). Overall these two trends are at first sight surprising as in the upper row the Pb

content in the surface is increased when going from left to right whereas it is decreased in

the lower row.
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EH
ads = 0.29, ECO

ads = -0.78

(a)

Cu(111)
top [1, 1]

EH
ads = 0.36, ECO

ads = -0.75

(b)

Pb1Cu8(3 × 3)/Cu(111)
top [0, 0]

EH
ads = 0.44, ECO

ads = -0.73

(c)

Pb2Cu7(3 × 3)-hex/Cu(111)
top [0, 0]

EH
ads = 0.92, ECO

ads = -0.06

(d)

Pb3Cu6( 3 × 3)/Cu(111)
top [1, 1]

EH
ads = 0.93, ECO

ads = -0.06

(e)

Pb2Cu7(3 × 3)-dimer/Cu(111)
top [1, 1]

EH
ads = 0.99, ECO

ads = -0.07

(f)

Pb1Cu8(3 × 3)/Cu(111)
top [1, 1]

Figure 6: Selected top adsorption sites of hydrogen and CO on PbxCu9−x/Cu(111) surface
alloys for x = 0, 1, 2, 3. The adsorption energies in the figure that are also indicated in Fig. 5
are given in eV.
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Table 2: Minimum energy adsorption sites of hydrogen (white circles) and carbon monoxide
(gray and red circles) on all treated surfaces. These are the surfaces of copper (orange),
platinum (light gray) lead (dark gray) and surface alloy configurations of copper and lead.
All energies are in eV.

Typically, the reactivity of bimetallic surfaces is discussed using the concepts of ligand,

strain, and ensemble effects.64,69,73 Increasing the Pb content in the first layer leads to a

compressive strain effect due to the larger size of the Pb atoms which typically reduces

the adsorption energies on late transition metals,73 whereas the opposite behavior can be

observed on early transition metals.74 Furthermore, inserting a more reactive metal into a

metal layer typically reduces the reactivity of the neighboring atoms as they become more

strongly bound to the inserted atoms and therefore are in general less reactive due to a

bond-order effect.75 Comparing Pb and Cu, Pb is in contrast to Cu not considered to be a
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noble metal but rather as a post-transition metal or a base metal, as it easily reacts with

air and is prone to corrosion and oxidation. Hence, in principle both the ligand and the

strain effect would predict that increasing the Pb content in a PbCu surface alloy should

lead to a less strongly interacting bimetallic surface. This appears to be true for H and CO

adsorption on the Cu atoms of the PbCu surface alloys, but not for H adsorption on Pb

atoms. However, Pb atoms provide energetically very unfavorable adsorption sites so that

they are not relevant as reaction sites. Thus, the chemical trends of Pb introduction into

the surface alloy are consistent with the notion that Pb acts as a catalyst poison as it does

for example in platinum car-exhaust catalysts.76–78

However, with respect to the selectivity of the CO2RR reflected by the descriptor, it

can be noted from Fig. 5 that doping Cu with Pb pushes the adsorption energies on Cu

in a direction that is desirable for a Beyond CO catalyst. Although overall the number of

these adsorption sites with most favorable conditions are reduced, as some sites fall into the

CO and HCOOH regions, still these overall energetically more favorable adsorption sites in

the Beyond CO region are expected to dominate the CO2 conversion as active sites. Thus,

catalysts made of copper doped with lead should warrant further investigation which is also

supported by experiments. Yang et al.18 confirmed Cu9Pb1 as an CO2RR electrocatalyst

with carbon monoxide and formic acid as major products. Furthermore, Wang et al.37

showed that Cu/Pb (core/shell) nanocrystal catalysts can facilitate the production of C2+

products. These findings agree well with our results for PbCu surface alloys on copper where

adsorption sites in the carbon monoxide, formic acid and Beyond CO regions where found.

Investigation of the electronic structure

Finally, we have investigated the d-band center of the PbCu surface alloys (see section S4

of the Supporting Information) to analyze whether the observed trends in the adsorption

energy can be understood within the d-band model.79,80 No significant correlation between

adsorption energies and the corresponding d-band center was found (see Fig. S2). In fact,
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this is not too surprising as the qualitative explanation for the change of the d-band center as

a function of strain and ligand effects are in principle only applicable for d-band metals with

partially filled d-bands80 and not for metals with fully filled d-bands. This has been confirmed

by electronic structure calculations for hydrogen adsorption on strained Cu surfaces in which

no correlation between the position of the Cu d-band center and the hydrogen adsorption

energies on the strained Cu surfaces has been found.81

Overall, the analysis suggests that while the d-band center remains a useful conceptual

tool, it is inadequate as a quantitative descriptor for adsorption in CuPb alloys. Investigating

the density of states still brought insights. According to the results shown in Fig. S2, the

low-lying d-orbitals of Pb actually have a small bonding contribution in the CuPb/Cu(111)

surface alloys.

Conclusions

In this computational study, a workflow was introduced for the systematic exploration of

surface alloys as catalysts for the electrochemical CO2 reduction reaction (CO2RR), based

on the energetic stability and the suitability as a CO2RR catalyst. To check the catalytic

suitability, the framework proposed by Bagger et al.34 was applied which uses H and CO

adsorption energies as descriptors with respect to the catalytic selectivity towards H2, CO,

HCOOH and Beyond CO (any hydrocarbon or alcohol) products of the CO2RR. First we

showed that instead of the gold-referenced H and CO adsorption energies of Bagger et al. it

is sufficient just to use standard adsorption energies.

The framework was then applied to surface alloys of copper and lead. For lead doped

with copper, all tested alloy patterns were thermodynamically unstable according to the

thermodynamic stability criteria inspected. In contrast, we found that doping copper with

lead creates adsorption sites through a combination of strain and ligands effects that are

favorable for Beyond CO products of CO2 reduction. At the same time, other sites at these
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surface alloys become more favorable for CO and HCOOH products. These computational

findings align well with corresponding experimental results.
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