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SUMMARY

The reduction reaction of carbon dioxide (CO,RR) to liquid Cs.
chemicals is a potential net-zero carbon process that can increase
local resiliency to power outages and fuel consumption. However,
the mechanism and catalyst design rules to promote CO,RR-to-C3.
are unknown. Engineering bimetallic interfaces (e.g., palladium/
gold) to tune intermediate adsorption is promising for promoting
Cs, formation. Our density functional theory calculations find that
*CH, could be the key intermediate, and C4-CH, coupling could
be the rate-limiting step to generate C3,. High CO surface cover-
ages can promote the bimetallic interfacial sites, lower the ener-
getics of the C;—CH, coupling step, and enhance C;, formation.
We further construct a volcano plot of C;—CH, kinetics as a function
of the binding strength of key intermediate *CH, via engineering
the d-band center of the interfacial site. Our findings could guide
the rational design of bimetallic interfaces and their near-surface
microenvironment for enhancing CO,RR-to-Cs..

INTRODUCTION

With environmental concerns of greenhouse gas emissions (e.g., CO,) and the ur-
gent needs to reduce energy reliance on fossil fuels, there is a growing interest in
finding a clean and sustainable way to capture and utilize CO; to produce high-value
chemicals." CO, to Cs3, chemicals has potential in energy and chemical sectors.””
Cs. chemicals act as important energy carriers, offering sustainable and efficient po-
wer. They serve as vital feedstocks for industries like automotive, construction, pack-
aging, and textiles.*> Moreover, they can be converted into valuable chemicals
(alcohols, aldehydes, and ketones) used in pharmaceuticals, cosmetics, agriculture,
and specialty chemicals.®™” Electrocatalytic CO, reduction reaction (CO,RR), utiliz-
ing renewable electricity, has emerged as a promising approach for converting
CO; into Cs, products.’®"" Electrocatalysis offers distinct advantages, including
protons from water, precise control over reaction conditions, adjustable selectivity,
the potential for integration with renewable energy sources, and portable, modular
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insertion, could be the mechanism of CO,RR to C3,. Maeng et al. experimentally
observed the presence of C,~Cs hydrocarbons on a Pt/Cd electrode.'® They re-
ported that these hydrocarbons followed the Anderson-Schulz-Flory distribution,
indicating that surface polymerization reactions followed the Fischer-Tropsch mech-

anism and contributed to the formation of long-chain hydrocarbons.'®

Regarding the theoretical mechanism studies on generating C3. during CO,RR, one
key step of generating Cs. product could be via C1—C; coupling and thus, it is essen-
tial to form C, from CO,."""?° Previous theoretical and experimental studies have
identified CO (or COH/CHO) as the key intermediate species and CO dimerization
as the key elementary step for C, product formation.?'"?* Zhou et al.”* and Xiao
et al.”® reported that a large difference of the binding energies of two CO species
could promote the CO dimerization toward C, products during CO,RR. Therefore,
a design rule for CO,RR-to-C3, is to have one component, such as gold (Au) and sil-
ver (Ag) to weakly bind the CO molecule and another component, such as palladium
(Pd), nickel (Ni), and platinum (Pt) to strongly bind the other CO molecule.?*=" Kort-
lever et al.?” reported that Pd/Au alloys (with strong CO-Pd bond and weak CO-Au
bond) can provide dual active sites to facilitate the production of C3-Cs products.
This electrocatalyst, composed of Pd and Au, firstly represents a significant advance-
ment as a Cu-free catalyst capable of producing a diverse range of multi-carbon
(C5—Cs) products from CO,. By tuning the binding strength of CO via the combina-
tion of Pd and Au, this catalyst exhibits an onset potential of —0.8 Vg and demon-
strates the detection of C3—Cs hydrocarbons. The experimental results indicate that
an excess of Pd on the surface facilitates the production of C5, hydrocarbons. Addi-
tionally, their investigation into the selectivity for long-chain hydrocarbon formation
reveals that Pd/Au alloy systems enhance the CO,RR process, favoring the produc-
tion of C3. hydrocarbons while suppressing hydrogen evolution reactions compared
to Pd systems. However, very few studies investigated the detailed mechanism of
CO2RR-to-C3, process, resulting in a trial-and-error approach for experimental cat-
alysts and operation designs due to our limited understanding on the mechanism,
key intermediates, and potential rate-limiting steps of this process.

Inspired by Fischer-Tropsch mechanism and previous theoretical mechanism
studies,'’** *CO and *CH, can be the key intermediates for CO2RR to long-chain
hydrocarbon products via C4-C, coupling. We thus hypothesize that engineering
the binding strength of *CO and *CH, over catalytic surfaces could significantly
enhance the production of Cs3, chemicals during CO,RR. Inspired by the design
rule of having alloy system with one strongly bonding to CO and one weekly
bonding to CO, we chose Pd/Au alloy system as a model catalyst to study the mech-
anism of CO,RR-to-C3, via density functional theory (DFT) calculations.>>343¢ We
proposed possible mechanisms of CO,RR-to-C3, with *CO and *CH; as the key in-
termediates (Scheme 1).7+1%:37-37

In this work, we first studied the energetics of the C1-C, coupling process via various
C; intermediates (*CO and *CH,) for CO,RR-to-Cs3,. We then determined the ther-
modynamic favorable mechanism of *CH, formation from COs,. In particular, we
investigated the effects of bimetallic interface and CO surface coverages on the en-
ergetics of C-C coupling and key intermediates formation during CO,RR-to-Cs..
Furthermore, based on the d-band theory, we further engineered the d-band center
of various Pd/Au bimetallic interfaces to maximize the production of C5, chemicals
via minimizing the energetics of C-C coupling. This work will advance the in-depth
understanding of the CO,RR-to-C3. mechanism, the potential key intermediates,
and rate-limiting steps. Ab initio DFT modeling offers exceptional possibilities to
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In particular, the proposed reaction mechanism for CO,RR-to-Cs. via the key intermediates of *CH, and *CO.

facilitate catalyst development and create the opportunity to enter a new paradigm
in catalyst design based on fundamentals rather than trial and error for CO,-to-Cs..

RESULTS AND DISCUSSION

Computational setup

DFT calculations were performed using the Vienna Ab-initio Simulation Package
(VASP) with revised Perdew-Burke-Ernzerhof (RPBE) exchange—correlation func-
tional.*® The reason for choosing RPBE is that RPBE introduces an additional term
to correct for the self-interaction error form PBE functional, which leads to an
improved accuracy of species adsorption energetics (e.g., the key intermediate
CO binding energy).*’ We simulated a Pd-rich Pd/Au bimetallic slab with three
layers of Pd and a top layer of 75% Pd/Au ratio (note: the catalyst model is based
on the experimental work from Kortlever et al., and we also tried various configura-
tions at this Pd/Au ratio to obtain the most stable configuration) (see Figure S1) to
investigate the mechanism of CO,RR-to-Cs, processes (Figure S2A).***? For com-
parisons, pure Pd(111) and Au(111) with four layers p(4 x 4) supercells were created
(Figures S2B and S2C). The adsorbates and the top two metal layers were relaxed
until the forces were smaller than 0.03 eV/A and reached the energy accuracy of
10™* eV. The Brillouin zones of all surfaces were sampled with 3 x 3 x 1
Monkhorst-Pack k-points. The kinetic energy cutoff for plane-wave basis was set
as 500 eV.

Four possible pathways for CO,RR-to-CH; have been proposed in this work with six
proton-electron transfer elementary steps (Scheme 1). For each examined catalyst
surface (Pd, Au, Pd/Au), all possible adsorption sites (Figure S3) have been tested
to obtain the most favorable adsorption configurations for the mechanism-involved
intermediates (Figures S4-S16 and Table S1). The Gibbs free energy diagram of
CO2RR-to-CH; has been established via combining DFT calculations and statistical
mechanics. The Gibbs free energy of each proton-electron transfer elementary step
has been calculated using the computational hydrogen electrode (CHE) model.?® In
the CHE model, the proton-electron transfer process can be referred to half H;
(IH, & H* +e). All calculations were conducted under standard conditions (e.g.,
1 atm and room temperature).

Incorporating solvation and applied potential effects is also a crucial element when
simulating solid-electrolyte interfaces under electrochemical conditions,”® since
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solvation and applied potentials can play a significant role in stabilizing reaction in-
termediates, thereby influencing the energetics of pathways and potentially acting
as a mediator that impacts the activation barrier to rate-determining step
(RDS).*** To incorporate the solvation, we considered both the bulk water solvation
using an implicit solvation model embedded in VASPsol combined with the explicit
interface water molecules.*>™*® In the VASPsol model, the solvent was treated as a
continuous medium, and the solvent effect was expressed using the dielectric con-
stant. The electrolyte solution was simulated using a linearized Poisson-Boltzmann
model. In this particular instance, we employed a dielectric constant (¢) of 78.4,
which was the dielectric constant of water solvent.

Furthermore, we have also applied constant electrode potential (CEP) model*” to
investigate the surface charge and cation effects using grand-canonical DFT
(GC-DFT) calculations. At room temperature, the Debye screening length A)
can be calculated from the electrolyte concentration (M) with the equation as
following:>°

= W, (Equation 1)
where « is the Debye length and I notes the electrolyte concentration. Thus, a Debye
screening length of 9.61 A was used to model an electrolyte concentration of 0.1 M,
which follows Kortlever et al.’s experimental conditions.’’>'>? To consider the
applied potential in the CEP model, the Fermi level (Ef) with vacuum potential at
0 eVistuned to a target value by varying the number of electrons added or removed
in the system, allowing the work function (®) and, therefore, the electrode potential
with reference to SHE (Uspe) to be fixed:

Ushe = %, (Equation 2)
where @ge is the work function of standard hydrogen electrode and ®ge = 4.43 eV
is determined by RPBE for the thermodynamic work function of the standard
hydrogen electrode (SHE).>® By adjusting the number of additional electrons intro-
duced into the systems, we maintain a constant potential of approximately —1.30 V
vs. SHE for each reaction based on the experiments results.”’ The reaction energy
of A—B under the constant applied potential can be represented as>*:

AH® = Eprr(B)-Eprr(A)-pe(No(B)-No(A)), (Equation 3)

where Eprr is the electronic energy of the charged unit cell obtained by DFT calcu-
lations, N, is the number of electrons in the unit cell, and p, is the chemical potential
of the electron.

We further calculated the energetics (e.g., reaction energies and activation barriers)
of the reduction reactions to methane and C-C coupling processes to Cs., chemicals.
More computational details (e.g., how to calculate the Gibbs free energy and activa-
tion barriers, the configurations and energetics of CO,RR-to-CH, intermediates and
C-C coupling over various Pd/Au alloy surfaces) are given in the Supplemental
information.

C+-C,, coupling to long-chain chemicals during CO,RR

To form long-chain liquid C3. chemicals from CO3RR, the C1-C,, coupling steps are
essential. We have calculated energetics of C41—C,, coupling to form Cs. over a Pd/
Au(111) surface and compared with that over the pure Pd(111) surface. According
to the literature review, it should be CO dimerization (i.e., CO+ COH«< OCCOH)
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Cell Rer_)orts .
Physical Science



Cell Rer_)orts .
Physical Science

A B

2.50

[0 Interface site on Pd/Au(111)

C-C coupling with CO
[ Pd site on Pd/Au(111)

2.00 A

b
| Il

1.50 A
1.00
< 0.50

0.00

AH,,, (eV

-0.50
-1.00

-1.50 1 @interface site on Pd/Au(111)

oH

W Pd site on Pd/Au(111) < F -2.00

-2.00 Nzc/l\cn,
EPd(111) C-C coupling with CH,

-2.50

Figure 1. Reaction energetics for C-C coupling

¢? CellPress

OPEN ACCESS

c,-C, c-C, C.C,

] Interface site on PdAu(111)

B Pd site on PdAu(111)

C}:Cy

(A) The DFT-calculated reaction energies (4H,,) for C4—C4 and C1-C;, coupling over Pd/Au(111) with a comparison of Pd(111). Here, we compared *CO
and *CH, as the key C; intermediates. For the Pd/Au(111) surface, both Pd/Au interfacial sites and pure Pd sites were considered for the C; adsorption
during the C4—C,, coupling processes. The C1—C; coupling processes include *CO-COH and *CH,-COH. When CO serves as the C; intermediate, the
C4—C; coupling processes include *CO-COHCH,, *CO-COHCO, and *CO-COCOH. *CO and *CH,COH did not tend to bond with each other in DFT
calculations. When *CHj; serves as the Cy intermediate, C1-C; coupling processes include *CH,—CH,COH, *CH,~COHCH,, *CH,~COHCO, and *CH,—
COCOH. For *CH,-COCOH coupling over the Pd(111) surface, the reaction energy is around 0 Ev and, thus, it is hard to see this step from the figure.
(B) The DFT-calculated reaction energies (4H,y,) for C1-C,, from C41—C4 to C1-C4 over Pd/Au(111) surface with interface and Pd sites for comparison
(Here, Cy is the CH, species). The geometries of the initial and final states of the examined C-C coupling steps were shown in Figures S17-527.

to produce C; products over the Cu-based catalysts.”® However, Cu-based catalysts
have very poor selectivity to generate Cs., suggesting CO dimerization mightnot be
the mechanism for generating C3. chemicals. Inspired by Fischer-Tropsch mecha-
nism, *CH, could serve as the key intermediates for generating Cs, chemicals.”®

With this background, we first calculated the reaction energies of C,-C, coupling to
Cs+ products over different sites (e.g., Pd/Au interface site, pure Pd site) of Pd/
Au(111) with a comparison of the bare Pd(111) surface (Figure 1A). We also
compared *CO and *CHj as the intermediates for C4-C,, coupling to identify the
most favorable C4 intermediate.

Based on our DFT results, all the reaction energies for C;-C,, coupling steps with
*CO as the intermediates are positive (endothermic), while the same coupling reac-
tions are exothermic with *CH as the key intermediate. That is, *CH, is more prom-
ising to favor the formation of long-chain C3.. hydrocarbons during the CO,RR pro-
cesses. Thus, the Ficher-Trophsch-like mechanism with the polymerization of surface
methylene (~CH,) could be employed to form Cs., products.sé

To produce longer carbon-chain products, C41-C, coupling reactions to form C,—Cs
products have been also investigated in this study. According to the DFT results, our
proposed Pd/Au systems demonstrate the ability to generate Cs. products, as de-
picted in Figure 1B. Evidently, the reactions subsequent to C;-C; become progres-
sively easier, accompanied by a substantial reduction in reaction energies. Thus, the
C4—C; step should be the potential RDS during the C1-C, coupling processes, since
they have much higher reaction energies than those of the C1-C;., coupling steps
(Figure 1). We further calculated the activation barriers (E,) (Figure S28) for the
most favorable C1—C4 and C4—C; coupling steps. The calculated E, of *CH,-~COH
over the Pd/Au surface is 1.34 eV, which is 0.7 eV higher than that of the *CH,—
COHCHj; coupling step. Taken together, *CH,—C; coupling could be the poten-
tial RDS.

Cell Reports Physical Science 4, 101718, December 20, 2023 5
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Figure 2. Hybrid solvation effects on C-C coupling

(A) With solvation effects, the DFT-calculated reaction energies (4H,,) for C4—C4 over Pd/Au(111) with a comparison of Pd(111) including COH-CH,,
CO-COH, CO-CHO, and CO-CO. For the Pd/Au(111) surface, both Pd/Au interfacial sites and pure Pd sites were considered for the C; adsorption

during the C1—C; coupling processes.

(B) With solvation effects, the DFT-calculated reaction energies (4H,y,) for C1-C,, from C1-C4 to C41—C4 over Pd/Au(111) surface with interface and Pd
sites for comparison (here, C; is the CH; species). The geometries of the initial and final states of the examined C-C coupling steps were shown in

Figures S30-S36.

In addition, the potential RDS, *CH,-C; coupling is more thermodynamically favor-
able at the interface site of the bimetallic system than the other sites. For example,
the reaction energy of *CH,-COH coupling is —0.88 eV when the *CH, adsorbed at
the Pd/Au interface sites (Figure S18), while the reaction energy increases to
—0.11 eV when the CH, adsorbed at the Pd sites over Pd/Au(111). In summary, to
facilitate CO,RR-to-C3,, we need to enhance the formation of the key intermediate
*CH; and lower the energetics of the potential RDS—the CH,-C4 coupling step via
exposing and engineering more bimetallic interfacial sites (e.g., Pd/Au).

Hybrid solvation approach and applied potential effects on the C-C coupling
reactions

Focusing on C4-C4 coupling, which has been distinguished as the potential RDS
for long carbon chain formation processes, more combinations, including CHx—
COH, CO-COH, CO-CHO, and CO-CO have been investigated with considering
implicit and explicit solvation effects simultaneously. After incorporating the sol-
vation effects, the reaction energies pertaining to C;—C; coupling reactions
over Pd(111) and Pd/Au(111) surfaces (both the Pd site and the Pd-Au interface
site) have been calculated and presented in Figure 2. Our results show that
COH-CHj3 is still the most favorable reaction for C;-C4 coupling with solvation
effects. In addition, for C1—-C,, coupling in the presence of solvation effects, the
reaction energetics are more thermodynamically favorable as increasing the car-
bon chain lengths (Figures 2 and S29-S35). Therefore, our conclusion remains
the same that CH; is the key intermediate for C-C coupling reactions to form
longer carbon chains and C;-C; coupling is the potential RDS in the presence
of solvation effects.

Furthermore, we considered the applied potential effects via CEP model using GC-
DFT calculations. We applied a constant potential of —1.30 V vs. SHE to the C-C
coupling reactions (Figure 3). Clearly, the C4—C4 coupling reaction with CH; as the
key intermediate remains the most favorable pathway. The application of a constant
potential significantly reduces the reaction energy. Among the various sites involved
in the C-C coupling processes, interfacial sites exhibit a remarkable enhancement in
facilitating carbon chain formation for each C-C coupling reaction. In particular, the

6 Cell Reports Physical Science 4, 101718, December 20, 2023
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Figure 3. Applied negative potential effects on C-C coupling
The GC-DFT-calculated reaction energies with solvation effects (AH°!) for C4—C4 over Pd/Au(111)

rxn

with a comparison of Pd(111) including COH-CH,, CO-COH, CO-CHO, and CO-CO. For the Pd/
Au(111) surface, both Pd/Au interfacial sites and pure Pd sites were considered for the C,
adsorption during the C4—C; coupling processes. For all of the reactions, the applied potential is a
constant of —1.30 V vs. SHE with tuning the number of extra electrons.® Following the experimental
conditions, 0.1 M phosphate buffer electrolyte was employed in this part with Debye length of
9.61A.

reaction energy can be reduced from —0.55 eV to —1.35 eV when the key interme-
diate is located on an interfacial site in the case of COH-CH; coupling.

Proposed key intermediate *CH, formation

To favor the formation of the key intermediate *CH, during CO2RR, four possible
mechanisms have been proposed (Scheme 1). To identify the most thermodynami-
cally favorable reaction pathway for the *CH, formation over different surfaces (e.g.,
Pd/Au, Pd), the Gibbs free energy diagrams have been established.®’*® For the bare
Pd(111) surface, the most thermodynamically favorable reaction pathway for
CO3RR-to-CH; passes the key intermediates of *CO, *CHO, and *HCOH. While
the most thermodynamically favorable pathway over the Pd/Au(111) bimetallic sur-
face passes the key intermediates of *CO, *COH, and *HCOH (Figure 4). The details
about Gibbs free energy calculation have been explained in the supplemental
experimental procedures (with Equations 2 and S6). For the most favorable reaction
pathway for CO,RR-to-CH; over pure Pd(111) and Pd/Au(111), the potential RDS is
the first proton-electron transfer step of CO; to form *OCOH due to its highest re-
action energy. The results agree well with Hossain et al.>” and Singh et al.®° that the
RDS for CO,RR-to-CHy;, is the first proton-electron transfer from CO, to *COOH. The
energy requirement for this potential RDS step over the Pd/Au(111) surface is
0.34 eV, which is significantly lower than that of the Pd(111) surface (0.57 eV).
Thus, one should expect that engineering the PdAu alloy system can favor the acti-
vation of CO, to form *CH, than that over the bare Pd system. As hydrogen evolu-
tion reaction (HER) can be competitive to CO2RR, the free energy diagram for H; for-
mation process has also been investigated (Figure S36) over PdAu(111) and Pd(111)
surfaces. Our results show that PdAu interfacial site significantly suppressed HER
compared to that over pure Pd system or over the Pd site of the PdAu alloy system.

Exposing the Pd/Au interfacial sites via tuning *CO coverages

Over the Pd/Au bimetallic surface, one should expect that the CO,RR-related C; in-
termediate would favor to bind over the Pd sites rather than the Pd/Au interfacial
sites due to the strong binding energy of C1-Pd (Figures S4-S16). To expose the

Cell Reports Physical Science 4, 101718, December 20, 2023 7
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Figure 4. Gibbs free energy diagrams for CO,RR-to-CH, at 0 V vs. SHE

Reaction coordinate

The energy diagram of CO2RR-to-CH; (following the possible reaction paths in Scheme 1) over (A) a pure Pd(111) surface and (B) a bimetallic Pd/Au(111)

surface.

Pd/Au interfacial sites for the *CH, formation, various surface coverages of the key
intermediate *CO over the catalyst surface were performed. We have calculated
the free adsorption energy per *CO for the most favorable *CO configuration
over both Pd(111) and Pd/Au(111) surfaces at different surface coverages, ranging
from 1/16 monolayer (ML) to 3/4 ML (Figures 5 and S37). To compare different
Pd/Au alloy surfaces, 75%Pd/Au and 50%Pd/Au have been compared in Figure 5.
At all examined *CO surface coverages, pure Pd surface presents stronger *CO
binding energy than that over Pd/Au. At a lower *CO surface coverage (i.e.,
<1/2 ML), per *CO binding energy over Pd and Pd/Au is nearly the same when
*CO prefers to adsorb over the Pd sites of Pd/Au system. When *CO surface
coverage increases to 1/2 ML over the Pd/Au surface, *CO starts to occupy over
the interface site (the insert picture in Figure 5). Per *CO binding energy over the
Pd/Au surface is weaker than that over the bare Pd surface. As the CO coverage
increased over ~11/16 ML, the free adsorption energy per *CO is close to 0 eV
and thus, CO is less likely to bind over the examined surfaces. Therefore, a high sur-
face coverage of *CO, i.e., >1/2 ML, can promote the exposure of the bimetallic
interface sites. For our following mechanism studies of Cs, formation from CO,,
we have selected the system with 1/2 ML of *CO to investigate the surface coverage
effects. Furthermore, when a 50% Pd/Au ratio is employed, it results in a *CO bind-
ing strength that is comparatively weaker than that observed on the 75% Pd/Au(111)
surface. Additionally, the formation of interfacial sites on the 50% Pd/Au(111) surface
is achievable at a lower CO surface coverage of 3/8 ML. This implies that
reducing the Pd/Au ratio from 100% to 50% can lead to a reduction in the CO
surface coverage requirement for the creation of Pd/Au interfacial sites, which, in
turn, facilitates C-C coupling.

Experimentally, *CO has been detected to favorably adsorb at the atop site over the
metal surfaces (e.g., Pd) rather than the hollow sites in our theoretical DFT calcula-
tions due to the an overestimation of the interaction between the vacant CO 27t* or-
bitals and the metallic d-band using RPBE functionals.®'-*? Regarding the disparity
between experimental results and DFT theoretical predictions, we additionally

8 Cell Reports Physical Science 4, 101718, December 20, 2023
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For PdAu(111) surfaces, 75%Pd/Au and 50%Pd/Au have been calculated for comparison. At a
surface coverage of 1/2 ML, CO starts to adsorb at the Pd/Au interfacial site. The free adsorption
energy of CO is calculated using Equations 2, S6, and S17.

investigated the adsorption of *CO on atop sites at different CO surface coverages
(Figure 5). Similar conclusions were obtained that the adsorption energy of *CO at
the interfacial sites of the Pd/Au(111) surface is weaker than that over the pure
Pd(111) surface at various *CO surface coverages. Thus, the *CO adsorption site
will not change our conclusion that a high surface coverage of *CO can promote
the exposure of the bimetallic interface sites.

Selectivity of long-chain C3, chemicals vs. methane

To enhance the selectivity of CO,RR-to-Cs,, one needs to promote the *CH,—C;
coupling (the potential RDS for CO,RR-to-C3.) and suppress the CH;, further reduc-
tion to methane (CHy). The free energy diagram shows that CH,-to-CHy is very
exothermic (Figures S40 and S41). We then examined the activation barrier for the
CH—-C; coupling and reduction of *CH; to CH, to investigate the selectivity of form-
ing Cz4 vs. CH,4 over the Pd/Au catalysts.

At a low *CO coverage (i.e., 1/16 ML), all examined sites (e.g., Pd(111), Pd sites of
Pd/Au(111), and the interface sites of Pd/Au(111)) show higher activation barriers
for the formation of CH,4 than that of *CH,—C; coupling (Figures 6 and S42-546).
In particular for the interface site of the Pd/Au(111) surface, the activation barriers
of all the examined reactions are lower than those over the Pd sites of Pd/Au(111)
and Pd(111). As for the methane formation over the interface site of Pd/Au(111),
*CH can be easily reduced to *CH, with a low activation barrier of 1.00 eV.
Then, the activation barrier for the next step to *CHj slightly increases by
0.29 eV. However, the activation barrier from *CH; to methane is significantly
high, on the order of 1.94 eV. This is 0.6 eV higher than that of the *CH,—COH
coupling (the potential RDS for CO,RR-to-Cs.). The higher activation barrier
comes from the CHj; reduction step than other CH; reduction steps over the Pd/
Au alloy system is that (1) the transition state configurations are initial state-like
ones (Figures S43 and S44) and (2) in the case of the *CH, reduction to *CHg, it
only involves the *CH, migration over the PdAu(111) surface, while for the *CH3
reduction to methane step, it involves both the migration of *CH3 and *H migra-
tion in the transition states. According to the activation barrier comparison,
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Figure 6. Selectivity of methane formation vs. C-C coupling

We compare the activation barriers between methane formation and C-C coupling processes over the Pd(111) and Pd/Au(111) surfaces at low (i.e., 1/16
ML) and high (i.e., 1/2 ML) *CO coverage. For the Pd/Au(111) surface, we have examined both the pure Pd site and the Pd/Au interface site at a low *CO

coverage. For the high *CO coverage, the intermediates adsorb at the Pd/Au interface sites.

CO,RR-to-methane over the Pd/Au(111) surface is kinetically difficult to occur due
to the high activation barrier of methane formation from *CHs. The intermediate
*CH, will participate during the *CH,-C4 coupling process to generate Cs, long
chain hydrocarbons during the CO,RR process.

Atahigh CO coverage (i.e., 1/2 ML), the activation barriers of all examined reactions
decreased significantly (Figures 6 and S47-5S51). Taking *CH,-COH as an example,
its activation barrier over the Pd/Au interface site decreased from 1.34 eV to 0.53 eV.
The reason is that a high *CO coverage weakened the *CO (or *COH or *CH,) bind-
ing strength over the Pd/Au(111) surface (Figure 5) and thus, *CO (or *COH or *CH)
would be more easier to diffuse over the surface and facilitate C1—C; coupling pro-
cesses.®” At elevated *CO coverage levels, the reduction to methane pathway orig-
inating from *CH, species can become competitive with the C-C coupling reaction
due to their closely matched activation barriers. However, the *H concentration over
the surface can be limited due to the high surface coverage of *CO and thus, sup-
press the formation of methane.

Engineering the bimetallic interfaces via tuning the Pd/Au ratios

We have shown that the *CH,—C; coupling could be the potential RDS step and
*CH; could be the essential intermediate to determine the selectivity of CO2RR-
to-Cs4. To promote the Cs. formation from CO,RR, one needs to lower the activa-
tion barriers of *CH,-C; coupling. Based on our DFT results for the adsorption
energy comparison between *CH, and *COH along with the activation barrier,
activation barriers of *CH,—-C4 coupling are closely correlated with the adsorption
energy of *CH, (Figure S52). Thus, one strategy to lower the activation barrier of
the *CH,-C; coupling is to optimize the binding strength of key intermediate
*CH, via tuning the Pd/Au ratios.

We then examined the *CH, adsorption and *COH-CH coupling over various Pd/
Au(111) alloy surfaces, including bare Pd, 87.5%Pd/Au, 75% Pd/Au, 62.5% Pd/Au,
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Figure 7. A volcano correlation between the C-C coupling and the CH2 adsorption
We correlate activation energy (E,) of *CH,~C4 coupling (the potential RDS of CO,RR-to-C3.) and
the *CH; adsorption energy (E,o—CHy) at the Pd/Au interface site with different Au/Pd ratios.

50% Pd/Au, 43.75% Pd/Au, and 37.5% Pd/Au (Figures S53 and S54). Interestingly,
our DFT results show a volcano relationship between the activation barrier for
*COH-CH; coupling and the *CH;, adsorption energy (Figure 7). As depicted in Fig-
ure 7, itis evident that the activation barrier for CH,—C; coupling reactions exhibits a
decrease as more Au atoms are doped within the surface. However, once the ratio
between Pd and Au reaches 1, the trend reverses, and the activation barrier starts
to increase. The observed phenomenon can be explained by considering the diffu-
sion of adsorbates from the initial state to the transition state. In the region where the
Pd/Au ratio ranges from 62.5% to 50% (as depicted in Figures S54C-S54E), a lower
activation barrier is observed. This is attributed to the migration of *CH, from inter-
face sites to Pd sites in the transition states. Such diffusion to the more stable Pd sites
significantly reduces the activation barrier for C-C coupling reactions. Conversely, in
cases where *CH, migrates from interface sites to Au sites (as shown in Figure S54G),
the resulting transition states are unstable, leading to higher activation barriers. In
Figure S54A and S54F, *CH, is observed to diffuse from Pd bridge sites to the Pd
top sites. The activation barrier for this process is relatively higher due to the strong
binding strength of *CH, in the initial states.

According to this volcano plot, the optimal bimetallic surface Pd/Au ratio of 1:1
was obtained with the minimum activation barrier of *CH,-C; coupling of
0.83 eV and the corresponding *CH, binding energy of —2.74 eV. To gain insights
into the selectivity, we have also investigated the HER on the 50%Pd/Au(111) sur-
face (Figure S55). We found that the PdAu(111) interfacial site exhibits a notable
suppression of HER when compared with the pure Pd surface or the Pd site of
the PdAu alloy system.

d-Band center analysis

We further analyzed the electronic structures of the Pd/Au surface interface sites at
different Au/Pd ratios. Finding the optimal electronic structures (e.g., d-band cen-
ter®*4%) of Pd/Au, which could lead to an optimal binding strength of intermediates

*CH, on the catalyst surface, are crucial to promote the Cs, formation.
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Figure 8. Optimal d-band center of Pd for C-C coupling over the interface site
A linear relationship between the key intermediate *CH, adsorption energy and the d-band center
of various Pd/Au(111) bimetallic surfaces.

Our results show (Figure 8) that the adsorption of key intermediate *CH, over the Pd/
Au interface site was linearly strengthened as decreasing the d-band center (note:
the Pd d-band center of the *CH, adsorbed site). Our results correspond well with
Hammer and Ngrskov's d-band theory.®® In general, a strong bond occurs if anti-
bonding states are shifted up through the Fermi level (and become empty)
and bonding states are shifted down through the Fermi level (and become filled).
The bonding contribution stems from Pd atoms, whereas Au atoms predominantly
contribute to the antibonding interactions. Therefore, we plotted the relationship
between *CH, adsorption energy and the d-band center of the Pd atom located
on the interface site in Figure 8 d-band center shifts away from Fermi level result
in weaker adsorption energy of the adsorbates because a lower d-band center will
make the antibonding states partially filled and lead to a weaker adsorption, and
vice versa.®” Therefore, our work suggests that the d-band center of the bimetallic
interface could serve as a key descriptor to promote the C-C coupling and thus,
enhance the selectivity of CO,RR-to-C3... The optimal d-band center of the bime-
tallic interface site is —2.90 eV.

In this work, we have comprehensively explored the reaction mechanism of
CO2RR-to-C3, over the Pd/Au bimetallic systems. Based on our DFT calculations,
*CH2—C coupling step could be the RDS and *CH; could be the key intermedi-
ate over the bimetallic interface sites to generate long carbon chain C3, chemi-
cals. To enhance the selectivity of CO,RR-to-Cs,, one strategy is to increase the
*CO surface coverage to expose the Pd/Au interface site for the *CH,-C,
coupling. Another strategy is to tune the binding strength of the key intermediate
*CH, via engineering the d-band center of the bimetallic interfacial Pd/Au site.
Via tuning the Au/Pd ratios, a volcano correlation between the *CH, adsorption
and the activation barrier of *CH,-C; coupling was established. This leads to an
optimal bimetallic surface ratio of Pd/Au (1/1) bimetallic catalyst with an optimal
d-band center of around —2.90 eV. Our work provides the fundamental under-
standings of CO,RR-to-Cs, reaction mechanisms and identifies the key descrip-
tors of influencing the Cs, selectivity (*CO surface coverage and d-band center).
Our work also creates a rational design of engineering bimetallic interfaces for
generating value-added Cj, liquid chemicals from CO.RR using renewable
electricity.
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