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Direct Cation Stabilization Effects of CO Dimerization for
Boosting C, Pathways of CO, Reduction on Noble Metal

Surfaces

Hon Ho Wong, Mingzi Sun, Tong Wu, Lu Lu, Qiuyang Lu, Baian Chen,

Cheuk Hei Chan, and Bolong Huang*

The carbon dioxide reduction reaction (CO,RR) is one of the most promising

solutions for realizing carbon neutralization via converting the emitted CO; into
value-added chemicals. The C—C coupling step for CO dimerization is the rate-
determining step for C, pathways, which have not been thoroughly investigated.
Herein, the direct cation stabilization effects on CO dimerization for *OCCO

formation on the representative Cu(100) and Pt(100) surfaces are investigated.
Density functional theory calculations show that the presence of alkali metal ions
plays a vital role in promoting the coupling of *CO monomers on both metal
surfaces, where Cu shows a stronger stabilization effect. More importantly, a

strong linear correlation (R* ~ 0.9) between the dimer stabilization energy and the
reaction energy is revealed for the first time, which is a promising indicator for the
selectivity of C, pathways. Further investigations on electronic structures reveal
that the promoting effect on *OCCO formation is strongly related to the negative
charges of the molecules, in which the negative charge accumulation is favored

an alternative clean energy source to reduce
carbon emissions from burning fossil
fuels. Carbon dioxide reduction reaction
(CO,RR) was one of the most crucial car-
bon conversion techniques to realize
renewable energy storage and carbon neu-
tralization.! The CO,RR is regarded as the
reversed process of fossil fuel combustion,
which transforms the CO, molecule into
various valuable hydrocarbons and alcohol
substances, such as methane, ethylene, and
ethanol. Unfortunately, CO, possesses
high chemical stability owing to its
high bonding energy of C=O bonds
(750 k] mol™'), which is considerably
higher than C—C (336kJ mol™!), C—O
327k mol '), and C—H (411kJmol ),

by the directional electron transfer due to the chemisorption of *OCCO on
Cu(100) surface. This work offers insights into the understanding of C—C cou-

pling reactions for CO,RR mechanisms.

1. Introduction

Carbon dioxide (CO,) accumulation in the atmosphere has con-
tributed to the greenhouse effect, leading to dangerous climate
changes worldwide. The research community has been seeking
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making the conversion of CO, into other
chemical is a considerable challenge.”
Both experimental and theoretical studies
on CO,RR have realized satisfactory prog-
ress toward the C; product pathways.’!
Unfortunately, the complex mechanism
hindered the investigation of the C, prod-
uct pathways. Generating C, products on metal catalyst surfaces
is typically difficult to control, and only limited metal surfaces,
such as copper (Cu) surfaces, can realize C, product formation.!*!

Different from C; products, generating C, products involves
complex reduction pathways with numerous reaction intermedi-
ates. The critical step toward the C, product formation on the
metal surface is the C—C coupling between two C; intermedi-
ates, in which the dimerization between carbon monoxide
(CO) intermediates is the rate-determining step of the C, path-
ways.! Although the CO dimer, also known as ethylene dione
(OCCO), is the key intermediate for forming C, products, it is
a precarious molecule that tends to dissociate into two CO
molecules readily.®! Theoretical studies have indicated that the
energy barrier for CO dimerization on metal surfaces is exces-
sively high to overcome, and the reaction energies of *OCCO
formation are also highly endergonic under vacuum.?
Meanwhile, the presence of cations, such as potassium ions
(K™), lithium ions (Li*), and cesium ions (Cs™), has played a sig-
nificant role during the CO coupling process by introducing the
cation effects.”) The cation effects facilitate the formation of
*OCCO on metal electrodes, which strongly correlate with the
size and solvation energy of the cation. One of the possible
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explanations is that the solvated cations in the outer Helmholtz
plane (OHP) induce a modification in the surface charge density
and boost CO dimerization.””! Recent studies have also shown
that forming hydrogen bonds between the H,0 and intermediate
is critical for stabilizing the *OCCO on the metal surface.l” At
the same time, the presence of cations influences this solvation
effect and affects CO dimerization.'” In addition, Koper et al.™!
found that the effects of cations on the C, product selectivity are
potential- dependent. However, most previous studies only
emphasize the solvation effects induced by water molecules
while the intrinsic effects caused by cations have rarely been
discussed.

In this work, we have conducted density functional theory
(DFT) calculations of the direct cation effects in the CO dimeriza-
tion process on the Cu(100) surface (Figure S1-S4, Supporting
Information) and Pt(100) surface (Figure S5-S8, Supporting
Information). From the thermodynamic perspective, the direct
stabilization effects of common alkali ions, such as Li*, K,
Na™, and Cs™, on the CO dimerization have been evaluated.
We have revealed a strong correlation between the direct stabili-
zation energy induced by the cation with both the reaction energy
and the activation barrier of the CO dimerization process. In addi-
tion, we explored the modification of electronic structure by intro-
ducing alkali ions via Mulliken charge and density of states (DOS)
analysis, which explains the origins of the cation effect for pro-
moting CO,RR performances. This work has offered significant
references for understanding the cation effect in CO,RR, which
facilitates the improvement of C, selectivity in future research.

2. Results and Discussions

2.1. *OCCO Adsorption with the Presence of Cations

Two binding configurations are adopted for the *OCCO adsorp-
tion on the metal surface. Literature commonly reported that
*OCCO binds on the surface via both C atoms (C—C binding
mode). In some cases, it is also possible to bind the *OCCO
via one side of the O—C placed parallel to the surface while
another side of the molecule lifts from the surface (O—C binding
mode). However, DFT calculations showed that the O—C binding
mode is the only stable adsorption configuration on the Cu(100)
surface in the vacuum-metal interface.”® Our DFT calculation
supports the previous studies that the C—C binding mode of
*OCCO becomes feasible by adding cation species into the

www.advenergysustres.com

vacuum layer. Interestingly, the C—C binding mode and O—C
binding mode of *OCCO were found on the Pt(100) even without
charged species due to the strong *OCCO adsorption, but our
further investigation revealed that the strong binding is not nec-
essarily beneficial to the C—C coupling. Our work employed the
more commonly reported C—C binding mode for further calcu-
lation and discussion.

The optimized *OCCO on Cu(100) and Pt(100) surfaces
showed varying bond lengths and adsorption strength depending
on the added cationic species. In Table 1, AEgcco, AE,co, and
AE 500 Tepresent the adsorption energy (A E,q45) of *OCCO, *CO,
and cation, respectively. At the same time, the dc_¢, dc—o, and
dc—m are the C—C bond length, C—O bond length, and the dis-
tance between the C atom and the metal surface, respectively.
As shown in Table 1, changing the alkali metal ion leads to a
variation in dc_c. Especially on the Cu(100) surface, a significant
C—C bond length variation was observed. Across the alkali metal
ions, the dc_c decreased from 1.610 to 1.482 A by changing the
cation from Cs* (167 pm) to Li* (90 pm), suggesting that a strong
C—C bonding form with a smaller alkali metal cation. On the
other hand, our calculations also found a C—O bond stretching.
Compared with two individual *CO molecules binding on the
T-sites, the dc_o elongated from 1.170 to over 1.240A on
Cu(100) and Pt(100) surfaces after the *OCCO formation, which
resulted from the intramolecular repulsion between the lone pair
electron on O atom. It is also noticed that the *OCCO with larger
alkali metal ions has less C—O bond elongation. Since the
exothermic C—C bond formation also serves as the primary
thermodynamic driving force for the CO dimerization process,
a portion of the energy released from this bonding compensates
for the energy cost of the C—O bond stretching during coupling.
Although the values of dc—y between *OCCO and metal surface
are similar on Cu(100) and Pt(100), the adsorption strength of
*OCCO on Pt(100) surface was much stronger than that
on Cu(100) surface, indicating over binding of *OCCO on
Pt(100) surface. Literature pointed out that such strong adsorp-
tion of the intermediate may contribute to the poor performance
of CO,RR of Pt-surface.'?

On the other hand, the larger alkali metal ion significantly
strengthens the *OCCO adsorption on both Cu(100) and
Pt(100) surfaces. The AEgcco decreased from —0.87 to —1.43 eV
and —2.97 to —3.18 eV when changing the cation from Li" to Cs™
on Cu(100) and Pt(100) surface, respectively. However, the
adsorption energy variation for the Pt(100) surface was relatively

Table 1. Bond length of the *OCCO under different alkali metal ions and the corresponding adsorption energy.

Surface Cation de—c [A] de—o [A] de—m [A] AEocco [eV] AEyco [eV] AEation [V]

Cu (100) Li 1.482 1.300 1.928 —0.87 -1.43 -7.19
Na® 1.562 1.261 1.935 —1.24 -1.57 —6.86
Kt 1571 1.257 1.945 -1.31 -1.58 —6.38
Cs™ 1.610 1.242 1.946 —1.43 -1.59 —6.11

Pt (100) Lit 1.519 1.266 1.964 ~2.97 -3.23 -1.39
Na™ 1.539 1.254 1.967 —3.06 -3.33 —0.88
K* 1.557 1.243 1.976 -3.16 —3.34 —0.47
Cs*™ 1.573 1.238 1.975 —3.18 —-3.24 —-0.20
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minor compared to that of the Cu(100) surface, revealing that the
strong *OCCO binding on Pt(100) was less affected by the sur-
rounding cations. This strengthening of *OCCO adsorption is
attributed to the electronic modification of the metal surface,
in which the alkali metal ions with larger ionic radii imposed
a more significant influence on the surface electronic structure.
In addition, the adsorption strengths of the initial 2* CO and the
final *OCCO products were compared, and the difference
between AE,co and AEscco can be used to demonstrate the
weakening of the C—M interaction with the stronger C—C bond-
ing (shorter the C—C bond length). As shown in Table 1, the
adsorption energy *OCCO is much less negative than the adsorp-
tion energy of initial 2* CO, which suggests that the formation of
the C—C bond weakens the carbon-metal (C—M) interaction on
Cu(100) and Pt(100) surfaces. Moreover, Figure 1 also demon-
strates that the weakening of the C—M interaction was propor-
tional to the C—C bond length of the *OCCO, in which the
stronger C—C bonding (shorter the C—C bond length) on
the adsorbed *OCCO show more weakening on the C—M
interaction after the *OCCO formation. For the adsorption
strength of cation species on metal surfaces, the cations were
strongly binding on Cu(100) surfaces with AE o, < —6.00eV,
especially the smaller cations (Li* and Na™) have stronger bind-
ing than the larger cations (K* and Cs™). For the Pt(100) surface,
the trend of AE0n did not change when varying the cation, the
binding of cations was significantly weaker when compared
with the Cu(100) surface. Overall, the adsorption energy
calculation showed an opposite trend of the AEgcco and
AE  i0n 0n Cu(100) and Pt(100) surfaces, in which the Cu(100)
tends to bind cations strongly but weakly bind *OCCO, while the
Pt(100) surface over-bind *OCCO but adsorbed cations
weakly. Notably, the strong cation on the Cu(100) surface may
also lead to a steric effect during the electrochemical processes.
A previous study demonstrated that cation adsorption on
Cu-based material could accelerate the CO dimerization reaction
via steric effect.!"’!
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Figure 1. The change of the adsorption energy difference between *OCCO
and *CO on Cu(100) and Pt(100) against the C—C bond length variation of
the formed *OCCO.
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2.2. Reaction Energy and Activation Barrier of CO Dimerization

To assess the thermodynamic feasibility of the CO dimerization
on Cu(100) and Pt(100) surfaces with the direct cation effect of
the alkali metal ions, the reaction energy (AHgcco) of the
*OCCO formation has been calculated. The reaction energy
(AHocco) represents the energy difference between the final
product (*OCCO) and initial reactants (2*CO). Table 1 shows
that the dc_c and dc_o of final state (FS) *OCCO vary under
the presence of different cations, which made the FS different
in energies with various cations (Figure 2). The FS of the CO
dimerization was defined as the most stable *OCCO on the
Cu(100) and Pt(100) surfaces after the DFT geometry optimiza-
tion. The convergence criteria of DFT geometry optimization for
the determination of FS were shown in the Method section. Even
with alkali metal ions, the DFT calculation predicted a relatively

@ 15 =
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—Na 116 eV, 1.6 A ( : )
1.0 gs
——No Cation//
= 05
= 033eV,1.7A __
o ) 017eV,21A
o e ———— 1
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Figure 2. The reaction energy diagram of reaction paths for the CO dimer-
ization on a) Cu(100) surface and b) Pt(100) surface. The energies and
bond length shown above the transition state (TS) are the energy barrier
and corresponding dc_c at TS. The energies and bond length shown on
the final state (FS) are the reaction energy for *OCCO formation and
corresponding dc_c at FS. All energies are relative to the energy of the
co-adsorbed 2*CO initial state (IS) on two neighboring T-sites.
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poor thermal feasibility of *OCCO formation on Pt(100).
Without the presence of cations, the formation of *OCCO dimer
required a very high AHgcco of 1.04 eV for Pt(100) surface. The
AHocco reduces significantly with the presence of alkali metal
ions. The formation of *OCCO remained endergonic on the
Pt(100) surface with Na*, K", and Cs* (0.07, 0.38, and 0.42 eV,
respectively). Only the smallest alkali metal ion, Li*, has the exer-
gonic CO dimerization with AHgcco of —0.63 eV.

On the other hand, the *OCCO formation was relatively more
thermodynamically favorable on the Cu(100) surface with the
cation effect according to the negative AHpcco. As mentioned
earlier, only the O—C binding mode was found on the
Cu(100) surface with high AHgcco of 0.71 eV when no charged
species are present. In contrast, the coupling process became
exergonic under the influence of smaller cations Li* and Na*
(AHocco = —0.86 and —0.15 eV, respectively) and showing a
near-zero AHgcco for K. Notably, the Cs™ showed endergonic
coupling processes with AHgcco of 0.32 eV. These results con-
firm that the size of alkali metal cations influences the reaction
energy for CO dimerization, in which the smaller cations
are more effective in facilitating the *OCCO formation.
Interestingly, the previous studies showed a reverse trend when
accounting for the solvation environment, where larger cations
enhanced CO dimerization more effectively on metal surfaces.
In contrast, the effect of smaller cations was blocked due to the
strong water solvation.”' Our results suggested that the smaller
alkali cations potentially promote CO dimerization on nonaque-
ous electrolytes without the solvation of water molecules.’

Besides, the influence of cation species on the energy bar-
riers for the *OCCO formation was also determined. The energy
barrier was probed by assuming that the CO dimerization occurs
between two neighboring T-sites on the Cu(100) and Pt(100) sur-
face, where the highest energy point during C—C bond formation
is defined as the transition state (TS) of the CO dimerization.
As shown in Figure 2, the TS of the CO dimerization and the
corresponding energy barrier were strongly affected by the alkali
metal ions on Cu(100) and Pt(100) surfaces.

The Cu(100) surface showed the largest barrier of 1.16 eV
when cations were absent. With the presence of cations, the
energy barrier for CO dimerization is reduced dramatically to
0.33eV with Cs*, followed by the presence of K™ (0.17eV)
and Na' (0.13eV). In particular, the Cu(100) surface with the
smallest Li* cations can effectively promote the rate-limiting
C—C coupling step with the lowest energy barrier of less than
0.10 eV via direct cation interactions. In contrast, the energy bar-
rier for CO dimerization was much larger on the Pt(100) surface.
The Pt(100) surface shows the largest barrier of 1.12eV for
*OCCO formation without charged species. With the presence
of cations, the energy barrier for CO dimerization followed
the trend of Li" < Na™ < Cs™ < K* with an activation energy bar-
rier 0of 0.27, 0.52, 0.77, and 0.92 eV, respectively. Intriguingly, we
also noticed that the CO dimerization with lower reaction energy
and energy barrier showed longer dc_c on their TS, whereas
those with higher reaction energy and energy barrier showed lon-
ger. The observed phenomenon is elucidated by the Hammond
Postulate, which states that the structure of the TS resembles the
structure of the nearest stable species.'® The CO dimerization
has a negative AHpcco, such as Cu(100) and Pt(100) under Li™,
and the TS has a long C—C distance (~2.5 A), where the TS is
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more like two *CO reactants. Without the cation species, the
TS shows shorter C—C distances (1.6 and 1.9 A) for endergonic
CO dimerization, where the TS becomes more like *OCCO
product.

2.3. Direct Stabilization Effect of Cations

Although the AEqcco adsorption energy could reflect the stabil-
ity of the adsorption configuration. However, the linear correla-
tion plot between AEqcco and AHpcco shows that the AEqcco
adsorption energy only has a linear correlation with the *OCCO
formation energy on the Cu(100) and Pt(100) surfaces individu-
ally (Figure S9, Supporting Information). It is believed that the
limited correlation between AEqcco adsorption energy and
*AHocco formation energy was attributed to the cation-surface
and dimer-surface interactions on Cu(100) and Pt(100) surfaces.
It is believed that the different surface electronic properties of
Cu(100) and Pt(100) contribute to the huge difference in the
AEgcco adsorption energy on the surfaces.

To estimate the direct stabilization effect induced by the alkali
metal cations, the cation-stabilization energy (AEj,;,) was deter-
mined. The AEy,, is the summation of AE on_dimer and
AE . ion—slab, and the cation—cation repulsive interaction was neg-
ligible because of the far separation. In our definition, the more
negative the AE,,;, the improved cation-induced stability in the
systems. As shown in Figure 3a,b, the AEg,, not only vary with
the change of alkali metal ions but also depend on the relative
ratio (cation: dimer) of the cation. For the Cu(100) surface,
the AE.;, increased with the decrease in the cation size, follow-
ing the Li* > Na® > K" > Cs* trend. While the higher relative
ratio of the cation also results in more negative AEg,,. For
instance, the system with three cations per CO dimer (3+)
has a more negative AEg,, than the system with less cations
(24 and 1+) (Figure 3c,d). Different from the Cu(100), the
AEg,, on the Pt(100) surface was much smaller than that of
the Cu(100) surface. This less cation-induced stabilization on
the Pt(100) surface can be attributed to the positive value of
AE . ton—dab has weakened the overall stabilization effect of the
cation. Also, it is worth noticing that the magnitude of
AE tion—dimer Shown less surface dependency compared to the
AE tion—slab for Cu(100) and Pt(100) surfaces.

More importantly, we found that the value of AE_ son_dimer
exhibits a strong correlation with the AHpcco on Cu(100) and
Pt(100) surfaces. Especially the AE  on_dimer Nas a very strong
correlation with the AHgcoo for the CO dimerization on
Cu(100) surface with R*=0.972 (Figure S10, Supporting
Information). Meanwhile, this correlation is much weaker on
the Pt(100) surface, with a lower R* of 0.797 (Figure S11,
Supporting Information). Notably, A Hocco for Pt(100) changes
slightly when varying the 1% row of alkali metal cation, especially
for larger cations such as K™ and Cs™. This suggests that the CO
dimerization process was less susceptible to the cation stabiliza-
tion effects due to the over-binding effect of intermediate on Pt
surfaces. Both the *CO and *OCCO are believed to be highly
stable on the Pt surface, and introducing cation could not further
stabilize the product *OCCO like on the Cu surface.
Furthermore, as shown in Figure 4, there is also a strong linear
correlation with R* =0.891 between the AE . on_dimer a0d the
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AHgcco when considering all the data for both Cu(100) and
Pt(100) surfaces. This linear plot implies that the thermodynamic
feasibility of CO dimerization is strongly connected to the direct
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interactions between the cation species and *OCCO, whereas the
AE t0on—dimer 1S regarded as an indicator of the CO dimerization
process. However, we notice that there is one outlier data point
located at AE o dimer of —0.7 €V, which is 1Cs* on Cu(100).
For this outlier point, no stable adsorption configuration of
*OCCO was found because the weakest stabilizing ability of
Cs* is insufficient to stabilize *OCCO with a relative ratio equal
to +1. For the Pt(100) surface, most of the data points were con-
centrated in the region of AHgcco > 0 €V owing to the relatively
more positive value of AE ion—dimer- Meanwhile, it is also shown
that the AE_40n_dimer and the corresponding AHgcco Were reg-
ulated by both the type of alkali metal ions and the relative ratio of
the cations, especially on the Cu(100) surface.

2.4. Electronic Properties of the Adsorbed OCCO with the
Effect of Cations

On the other hand, previous studies have proposed that carrying
a negative charge is able to stabilize the *OCCO on the metal
surface. Herein, we perform Mulliken population analysis to
reveal the charge distribution on the adsorbed CO dimer under
different cations. Figure 5a,b are the Mulliken population analy-
sis, which show that the *OCCO molecule tends to carry a
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Figure 5. The Mulliken charge distribution of *OCCO molecules for a) Cu(100) surface and b) Pt(100) surface. The correlation between the total net
charge on *OCCO and the stabilization effect on the ¢) Cu(100) surface and d) Pt(100) surface, in which the blue dots represent the stabilization effect
induced by cations and black squares are the corresponding reaction energy of *OCCO formation.

negative charge on Cu(100) and Pt(100) surfaces when cation
species exist. The negative charge was distributed mainly on
the O atoms on the *OCCO while the C atoms attached to
the metal surface with positive charges. In terms of the magni-
tude of the negative charge, the total charge of *OCCO molecule
on the Cu(100) surface is larger (more negative) than that on the
Pt(100) surface, except for the 1Cs™, where no stable *OCCO
molecule was found on the Cu(100) surface. Hence a relatively
smaller negative charge of —0.59 predicted for 2*CO is noted.
It has demonstrated that the smaller alkali metal ions induce
the negative charge accumulations on the *OCCO for both
the Cu(100) and Pt(100) surfaces. Figure 5¢,d demonstrates that
there is also a linear correlation between the total charge and the
AE tion—dimer (and the corresponding A Hpcco) on Cu(100) and
Pt(100), supporting the idea that the carrying negative charge is
the key to stabilizing the adsorbed *OCCO on metal surfaces.
We also deduced that the larger magnitude of the negative charge
on *OCCO is attributed to the higher charge density of the
smaller cation species, which stabilize the *OCCO via the forma-
tion of the reduced form *OCCO™.

To gain deeper insight into the electronic modification of
metal surfaces, we have investigated the electronic structures
of the metal surface. For the d-band of metal surfaces, the cation

Adv. Energy Sustainability Res. 2024, 5, 2400110

2400110 (6 of 11)

interaction and intermediates adsorption modified the electronic
structure of the metal surface. Notably, the d-bands of metal were
moved away from the Fermi level (Ef) following the adsorption
intermediates (Figure 6a,b), in which the peak position was
downshifted about 2 eV for the adsorption of *CO on Cu(100)
and Pt(100). This d-band shifting is induced by the strong inter-
actions between the adsorbate and the metal sites, in which the
charge transfer and the surface geometry deformation are due to
the d-band energy levels are affected by intermediate adsorptions.
Notably, the formation of *OCCO brings the metal d-band closer
to higher energy levels on Cu(100) and Pt(100) surfaces. This
reveals that the adsorption of *OCCO shows less modifications
to the d-band due to the weaker interactionse between the
*OCCO and the metal sites compared to that of *CO.

Besides, different alkali ions have also introduced significant
electronic structure modifications for both metal surfaces and
*OCCO molecule. For the metal surfaces, the variation of the
adsorption energy toward the *OCCO molecule on Cu(100)
and Pt(100) surfaces should be correlated to the modification
of the metal d-band center. According to the d-band center theory,
the adsorption strength of an adsorbate on a transition metal sur-
face can be determined by the d-band center position, which is
regarded as the centroid of the metal d-band.'”! For transition
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Figure 6. The shifting of the a) 3d-states of the Cu(100) surface and d) 5d-states of the Pt(100) surface due to the intermediates adsorption. c) The change
of the d-band center position of ¢) Cu(100) surface and d) Pt(100) surface under the direct cations effect induced by alkali metal ions.

metals with more than half-filled d-states, the upshift of the metal
d-band center toward the Ep will strengthen the adsorption
because of the reduced population of antibonding states. In con-
trast, the downshift of the d-band center leads to weaker
adsorbate-metal bonding owing to the increasing population
of antibonding states.['®!

Figure 6¢,d shows the variation of the d-band center. The fully-
filled Cu d-band was located far below the Ef, and the partially-
filled Pt d-band was pinned near the E to follow the Fermi-Dirac
distribution. As a result, the d-band centers of the Pt(100) surface
were much closer to the Eg than that of the Cu(100) surfaces,
leading to much stronger *OCCO adsorption on the Pt surface
compared to the Cu surface with low-lying d-band. For Cu(100)
and Pt(100) surfaces, alkali cations have led to a d-band center
downshift, indicating that the cations alleviate the *OCCO
adsorption via d-band modification. Moreover, the upshift of
the d-band center was observed for the larger alkali cations.
For example, the stronger *OCCO adsorption on both Cu(100)
and Pt(100) surfaces for Na*, K*, and Cs* ions was contributed
by their upshifted d-band center. On the Cu(100) surface, the
d-band center was gradually upshifted from Ey —2.77 eV to Ey
—2.69 eV by changing the cation from Li* to Cs™, which led
to the strengthening of *OCCO adsorption from E, —0.87 eV
to Ey —1.43 eV. On the Pt(100) surface, a similar trend of d-band
center upshift was shown. On the other hand, different from the
*OCCO, the upshift of the d-band center led to the weaker cation
species binding on Cu(100) and Pt(100) surfaces. It is believed
that the 1°' row alkali metal cations with zero valences are pre-
ferred to bind on the negatively charged (or electron-rich)
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surface. According to the calculation results of reaction energy
and energy barrier, stronger *OCCO adsorption displays a larger
energy cost to drive the dimerization process, and introducing
smaller cations facilitates the *OCCO formation due to weaker
*OCCO adsorption. However, we notice that the d-band center
position variation is relatively small when changing the cation
size. This suggests that the change in the *OCCO adsorption
energy is not fully contributed by the slight variation of the
d-band center position.

The projected partial density of the states (PDOS) analysis was
performed on the metal sites and the atomic carbon on *OCCO
(Figure 7a,b). To investigate the coupling of p—d orbitals between
the carbon atom and the metal site, we examined the overlap area
between the PDOS of C-2p and metal d-orbitals. The interplay
between the metal valence d-orbital and the frontier orbitals
(highest occupied molecular orbital (HOMO)/lowest occupied
molecular orbital (LUMO)) of the intermediate results in the
o-region and z-region interaction. For the Cu(100) surface, both
the o-region and z-region show a significant increase in p—d
overlapping by changing the cation from Cs* to Li*. The p—d
overlapping on the o-region and z-region increases monotoni-
cally from 0.78 to 0.95e™ and 0.72 to 0.89e”, respectively.
This increase of p—d overlapping on the o-region and r-region
reflects the chemisorption interaction between the *OCCO
and Cu(100) surface with directional electron transfer via the
p—d orbital interaction. This significant electron transfer between
the adsorbed *OCCO and Cu(100) surface was also supported by
the larger Mulliken charge accumulation of the adsorbed *OCCO
on Cu(100). For the Pt(100) surface, although the broad
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Figure 7. The projected density of the states (PDOS) and p—d orbital overlapping of binding metal sites and carbon atoms of *OCCO adsorbed on

a) Cu(100) surface and b) Pt(100) surface. The total density of states
d) Pt(100) surface.

5d-orbitals result in a sizeable overlapping between the C-2p and
Pt-5d orbitals compared to that of the Cu(100) surface, an oppo-
site trend of the p—d overlapping on o-region and z-region was
found. The p—d overlapping on the o-region decreased from 1.65
to 1.51 e~ when changing the cation from Cs™ to Li*, whereas
the overlap on the rregion increased from 0.83 to 0.91e".
Hence, varying cations did not significantly affect the electron
transfer between the *OCCO and Pt(100) surface, and no signif-
icant redistribution of electron density occurred. This implies
that the interaction between the *OCCO and Pt(100) surface
should belong to physisorption. Meanwhile, we also noticed that
the empty Pt-5d and C-2p states mainly contributed to the
m-region interaction between the Pt(100) and carbon atom.
This revealed that for the Pt(100) surface, the z-region interaction
is mainly ionic/electrostatic interactions because of the partially
filled z-region. On the other hand, the variation of cations has
also induced a significant change in the C-2p orbitals population
in energy level around Ey—5.0 to Ey—7.5eV (Ey denotes 0 eV),
especially for the Cu(100) surface. Changing the alkali metal ions
from Cs* to Li* increased the splitting of 2p peaks around
Ey—6.5 eV, suggesting the stronger C—C bond formation under
smaller alkali ions. This is well matched with the bond length
reduction of the *OCCO in Table 1 and Figure 1, where the C—C
bond length decreases from 1.610 to 1.482 A on the Cu(100) sur-
face and from 1.573 to 1.519 A on the Pt(100) surface.

Figure 7c,d shows the total density of states (TDOS) of the
*CO and *OCCO on Cu(100) and Pt(100) surfaces under differ-
ent alkali metal ions. Compared with the TDOS of 2*CO on the
metal surface, which only displays a singlet peak at around
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(TDOS) of *CO and *OCCO adsorption on c) Cu(100) surface and on

Ey—7.0eV, the C—C bond formation on *OCCO was indicated
by the multiple patterns, supporting the splitting of C 2p peaks
in PDOS (Figure 7a,b) is associated with the C—C coupling.
Meanwhile, the Cu(100) surface displays much smoother
2*CO to *OCCO conversions than the Pt(100) surface. It is also
found that the TDOS near E region is lower for the 2%CO, in
which the HOMO)and LUMO were separated by a wide energy
gap, indicating that there was no significant electron transfer and
the adsorbed *CO was inactivated before C—C coupling. In con-
trast, the *OCCO displays higher TDOS on the near Eg region,
especially for the Cu(100) surface, suggesting that the formation
of *OCCO was promoted via the effective electron delocalization
on the Cu(100) surface. We also noticed that the peaks of the
TDOS of *OCCO gradually move to the lower energy side
when the alkali metal ions vary from Cs* to Li". The larger
AE tion—dimer and smaller AHgcco for smaller alkali metal ions
are consistent with this downward peak shift in the TDOS.
This suggests that the smaller cations with higher positive charge
density stabilize the electrons on the *OCCO via electrostatic
cation—dimer interaction.

3. Perspective to Other C—C Couplings

According to previous studies, the C—C coupling reaction
pathways mainly included the coupling between *CO and
*CO/*CHO/*COH species.') For alternative *CO—*CHO/
*COH coupling pathways, the *CO needed to be hydrogenated
into *CHO or *COH before undergoing C—C bond formation, in
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which the *CO hydrogenation dominates the metal surface at
high potential.”?” Although the presence of water and the solva-
tion effects can reduce the energy barrier for *CO hydrogenation,
the CO hydrogenation reaction is energetically uphill on metal
surfaces with the solvation model.”" This suggests that the
hydrogenation of *CO is also a key elementary step for the
C,., pathway. Meanwhile, the calculations also found that the for-
mation of *COH is unfavorable on the Cu(100) surface.*”
Hence, the coupling between *COH and *CO was rarely consid-
ered for CO,RR on Cu(100) surfaces. For the coupling via *CHO
intermediate, previous research has shown that the *CO*—CHO
coupling is more favorable than the *CO-*CO dimerization on
Cu(100) only in the vacuum condition, whereas the CO dimer-
ization reaction has a much lower reaction energy barrier in the
explicit solvent model.”**!

On the other hand, the dimerization between two adsorbed
*CO takes place on the Cu surface at low potential.**!
Although the experiment conducts the CO,RR electrocatalyst
at high potential, the future industrial CO,RR electrocatalyst
design always aims to reduce the operation voltage to save energy
consumption and cost. Meanwhile, the CO, has been selectively
reduced to ethylene at low overpotential under alkaline condi-
tions on the Cu(100) surface, while the computational study
has also found that the CO dimerization reaction has a much
lower reaction energy barrier in the explicit solvent model.l**!
These results suggest that the CO dimerization proceeds before
the formation of *CHO with the presence of solvent on the
Cu(100) surface. Based on that, our work chose* CO—*CO
dimerization as the main focus to investigate the direct cation
effects in the C—C coupling process. To further discuss the dif-
ferent C—C coupling pathways, we have also performed some
comparisons based on our results and other research works
regarding the C—C coupling.

As shown in Table S2, Supporting Information, the Cu(100)
surface could not strongly adsorb the *CHO intermediate on the
Cu(100) surface without the presence of cation owing to the pos-
itive *CHO adsorption energy of 0.51 eV. The cation effects of
Li*, Na*, and Cs™ strengthen the adsorption of *CHO on the
Cu(100) surface of ~0.5 eV, but the adsorption of *CHO is still
much weaker than other key intermediates (Figure S12,
Supporting Information). The weak *CHO adsorption strength
may indicate that the *CHO has difficulty retaining high cover-
age compared to the *CO, leading to the coupling between *CO
and *CHO rarely occurring on the Cu(100) surface. Similarly, the
adsorption strength of *OCCO is stronger than that of *OCCHO
on the Cu(100) surface with the effect of cations, suggesting that
the *OCCO is more stable than the *OCCHO intermediate
under the cation effects. On the other hand, for the compassion
of the C—C coupling energy barrier, the *CO hydrogenation has
a lower energy barrier than the CO dimerization without the
introduction of cations. However, with the introduction of
cations, the energy barrier for direct CO dimerization has signif-
icantly dropped, whereas the energy barrier for *CHO formation
has only changed slightly (Figure S13, Supporting Information).
As a result, the energy barriers for CO dimerization were much
lower than that of the *CHO formation on the Cu(100) surface.
Combining our work with previous studies demonstrated that
CO dimerization is much more favored than the coupling
between *CHO and *CO on the Cu(100) surface with the cation
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effects. Furthermore, previous calculations have concluded that
the cation effects on promoting CO dimerization are due to the
larger stabilization of the intermediate containing C—C bond
when compared to the C; intermediate on the metal surface, sug-
gesting that the direct cation effects could play a similar role on
other C—C coupling routes.'"! Based on that, the calculation
results of this work can be used as the initiation point for future
study of the coupling among *CHO/*COH/*CO species.

4, Conclusion

In summary, the direct cation effects on the CO dimerization
process on Cu(100) and Pt(100) surfaces were investigated
through the calculation of adsorption energy, activation energy
barrier, reaction energy, stabilization energy, and electronic
properties such as charge distribution and PDOS using DFT.
The calculation results demonstrated that the presence of alkali
metal ions significantly promotes *OCCO formation via direct
cation stabilization. The activation energy barrier and reaction
energy of the *OCCO formation showed that the smaller Li* cat-
ion reduces the energy cost for CO dimerization more obviously.
In particular, a strong linear correlation between the cation—
dimer stabilization and reaction energy was found in the pres-
ence of alkali metal ions. Additionally, the population analysis
also demonstrated that the stabilization effect induced by cation
was related to the negative charge accumulation on adsorbed
*OCCO, in which the *OCCO formation on Cu(100) surface with
smaller alkali metal ions is beneficial from the larger magnitude
of the negative charge. Lastly, the electronic structures of the
Cu(100) and Pt(100) surfaces were modified by the adsorption
of intermediates as well as the cation effects, which showed that
the forming of new C—C bonds and the introduction of cations
during CO dimerization alter the d-band of the metal surfaces.
Meanwhile, the favorable *OCCO formation on Cu(100) with a
smaller Li* cation was also indicated by the PDOS profile. More
importantly, this work will provide fundamental insight into the
intrinsic effects induced directly by cations for the CO dimeriza-
tion process and will open great opportunities for synthesizing
C, products via CO,RR.

5. Experimental Section

Calculation Setup: In this work, DFT calculations were performed in the
Cambridge Serial Total Energy Package (CASTEP).?® The Perdew—Burke—
Ernzerhof generalized gradient approximation method was used to
describe the exchange-correlation energy for all the model calculations.??”)
Moreover, the Broyden—Fletcher-Goldfarb-Shanno algorithm was
adopted as the optimizer, and the ultrasoft pseudopotential scheme
was applied for the geometry optimization.”®! Pt(100) and Cu(100) metal
slabs with a 4 x 4 supercell and five atomic layers were used to simulate
the adsorption behaviors. The vacuum thickness along the z-axis perpen-
dicular to the surface was set as 20 A to prevent spurious interactions
between the repeated slabs. In addition, the plane-wave cutoff energies
were set as 380eV for the Pt(100) adsorption model and 440eV for
the Cu(100) adsorption model, while the k-point grid parameter was
set with coarse quality. Convergence criteria for the single point energy
calculation and the geometry optimizations were defined as follows:
the SCF tolerance is 1.0 x 107> eV atom ™', the Hellmann—Feynman force
per atom is 0.1 eV A=, the Maximum stress is 0.2 GPa; and the Maximum
displacement is 0.005A. For the CO dimerization process, the bridge
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location between two neighboring top-sites (T-sites) on the Pt(100) and
Cu(100) surface was selected as the adsorption sites of the *OCCO mole-
cule. The adsorption energy (AEgcco) of the *OCCO on these sites can be
calculated using the following equation

AEOCCO = Eslab/OCCO - Eslab - EOCCO (1)

where the Eg.p/0cco is the total energy of the metal slab binding with
*OCCO intermediate. The E,, and Egcco are the energy of the metal slab
and isolated OCCO, respectively.

On the other hand, we define the total cationic stabilization effects as
the cation-stabilization energy (AEg,), calculated as the overall interac-
tion energy (AEiyeraction) in the system (Eggem) minus the adsorption
energy of *OCCO intermediate

AEinteraction = Esystem - (Eslab + Eocco + Ecaﬁon) 2
AEgap = AEinteraction — AEocco (3)
AEstab = AEcation—slab + AEcation—dimer (4)

The AEstion—slab» AEcation—dimer» aNd Eation are the cation-slab interac-
tion energy, cation—dimer stabilization energy, and cation species energy,
respectively.
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