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Direct Machine Learning Predictions of C; Pathways

Mingzi Sun and Bolong Huang*

The C; pathways of CO, reduction reaction (CO,RR) lead to the generation of
high-value-added chemicals for broad industrial applications, which are still
challenging for current electrocatalysis. Only limited electrocatalysts have
been reported with the ability to achieve C; products while the corresponding
reaction mechanisms are highly unclear. To overcome such challenges, the
first-principle machine learning (FPML) technique on graphdiyne-based
atomic catalysts (GDY-ACs) is introduced to directly predict the reaction
trends for the key C—C—C coupling processes and the conversions to different
C; products for the first time. All the prediction results are obtained only
based on the learning dataset constructed by density functional theory (DFT)
calculation results for C; and C, pathways, offering an efficient approach to
screen promising electrocatalyst candidates for varied C; products. More
importantly, the ML predictions not only reveal the significant role of the
neighboring effect and the small-large integrated cycle mechanisms but also

energy systems, which supplies a novel
method to realize the effective conversion
from CO, to value-added chemicals.!!!
Owing to the high stability of the CO,, the
activation of CO, requires high energy
costs to promote the multi-electron trans-
fer processes towards varied products.?]
The common C, products are widely re-
ported in previous research including
CO, HCOOH, CH,, etc.'%3] with over
90% of Faradaic efficiency (FE) during
CO,RR, which are highly important feed-
stocks for many industrial chemicals.[*]
Compared to the small C; molecules,
the formation of C, products (ethylene,
acetate, ethanol, etc.) has also been de-
voted great efforts to improve the selec-

supply important insights into the C—C—C coupling processes for
understanding the competitive reactions among C, to C; pathways. This work
has offered an advanced breakthrough for the complicated CO,RR processes,
accelerating the future design of novel ACs for C, products with high

efficiency and selectivity.

1. Introduction

Currently, the global community is focusing on negative emis-
sion technologies to achieve the carbon neutrality goal and con-
trol climate change issues, which not only reduces carbon emis-
sions but also converts carbon dioxide into highly value-added
products. Carbon dioxide reduction reaction (CO,RR) has be-
come one of the most attractive technologies for sustainable
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tivity and FE in recent years.’] Besides
the Cu-based materials, many different
types of electrocatalysts have been devel-
oped for realizing highly efficient con-
versions to C; and C, products.l®] How-
ever, most of these electrocatalysts still
require large overpotentials with applied
potential <—1 V versus the reversible
hydrogen electrode (RHE) to drive the
formation of C, products.l’l Compared to C, products, the forma-
tion of C; products requires even more electron transfer to gen-
erate different products including acetone, propanol, and other
products, which are highly valuable products for future industrial
applications. Therefore, it is highly demanded to design novel
electrocatalysts for the direct reduction of CO, to multi-carbon
products with high selectivity and efficiency.

The generation of C, products has only been reported in lim-
ited works, and some of them rely on the electroreduction of
CO to increase the overall FE. This is because CO is usually
considered as one of the most important intermediates to pro-
mote the C, and C,, products through multiple C—C coupling
processes.®] Among different C, products, n-propanol is one of
the most common ones, which are critical solvents and feed-
stocks for chemical industrial processes. Sargent et al. have re-
ported the synthesis of open Cu nanocavity structures, which
display an FE of propanol of 21 +1% at —0.56 V versus RHE.["]
Meanwhile, Yang et al.['% designed densely packed Cu nanopar-
ticle ensembles with structural transformation into catalytically
active cube-like particles to enable the generation of n-propanol
products, reaching a C,—C; FE of 50% at —0.75 V versus RHE.
To form C—C—C bondings, there have been different opin-
ions about the mechanisms, where most researchers propose
that couplings between C;+C, intermediates are the potential
pathways.['!] Only limited in situ characterizations have proven
that the coupling between C; and C, intermediates to form
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CH,CH,CHO is feasible during the CO,RR.['?! Voiry et al. also
proposed the supersaturation strategy in the highly carbonated
electrolytes to realize the formation of 2-propanol from CO, on
the CuAg alloy, where the dispersed Ag atoms weaken the bind-
ing strengths of middle carbon sites, leading to higher selectiv-
ity over 2-propanol with FE of 57%. On the other side, previ-
ous theoretical calculations also reveal that the direct CO* cou-
pling to form COCOCO¥ is a potential reaction pathway for C,
products on single-atom alloys.['*] Based on current research,
several key factors have been identified to influence the C; se-
lectivity including the electronic structures of metal active sites,
the surface engineering, and the exposed facets, etc.[’) How-
ever, compared to the intensive research of CO,RR towards C,
and C, products, the C; reaction mechanisms are still unclear
with limited progress, which hinders the development of efficient
electrocatalysts.[10]

Until now, different types of materials have been developed
as efficient electrocatalysts for the CO,RR process, where the
generation of multi-carbon products particularly relies on Cu-
based catalysts. Although previous works unravel that Cu has
excellent capability to promote the C—C coupling to the pro-
duction of multi-carbon chemicals, the overall FE is relatively
low.'”] The low FE and selectivity of C, intermediates also orig-
inated from the high energy barriers for C—C—C coupling and
the competition with C, and C, products, which require much-
reduced electron transfer numbers. The competing protonation
of CO* strongly suppresses the CO* dimerization/trimerization
processes towards multi-carbon products. Accordingly, increas-
ing the selectivity from CO, to C; pathways still remains a sig-
nificant challenge for current electrocatalysis. To overcome such
challenges, designing electrocatalysts with favorable C,—C,—C,
or C,—C, couplings is one of the prerequisites. As alternative
electrocatalyst candidates, atomic catalysts (ACs) have the po-
tential to realize C; product generation due to their high elec-
troactivity, tunable selectivity, and maximum atom utilization
efficiency.®'®] In particular, ACs have also displayed remarkable
performances in CO,RR."! Ni ACs supported on nitrogenated
graphene are reported with over 97% FE of CO at an overpo-
tential of 0.61 V.2l Bao and Wang investigated the temperature-
dependent CO,RR over Fe—=N—C and Ni—N—C single-atom cat-
alysts, where the adsorption strength of intermediates and FE to-
wards CO are optimized by temperature modulations.?!! Deng
and co-workers(??] also reveal the Co phthalocyanines (CoPc) as a
promising electrocatalyst to realize selective CO,RR toward CO
formation with 99% FE. Arrigo and co-workers/?’] also demon-
strated the conversion of CO, to acetic acid by the Fe ACs with
Fe/N—O and Fe/O—C coordination, reaching an FE of 97% and
selectivity over 61%. Recently, Chen et al.>* have realized the
generation of C; product acetone through the Cu ACs supported
by N-doped porous carbon with FE over 36.7%, indicating the
great potential of ACs for multi-carbon products.

In this work, we have carried out the first-principle machine
learning (FPML) technique to perform comprehensive predic-
tions for C, pathways of CO,RR regarding the C—C—C coupling
processes and reaction pathways on graphdiyne (GDY)-based
ACs.I] This work has realized the direct predictions of C; path-
ways based on previous density functional theory (DFT) results
of C, and C, pathways while no additional DFT calculations for
C, products have been performed. For the C—C—C coupling pro-
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cesses, we have considered direct C; coupling and C,+C, cou-
pling based on varied reaction sites and active sites of intermedi-
ates, systematically revealing the reaction mechanisms. Based on
the reaction pathways predictions, we have screened out the six
most promising electrocatalysts for C; products including GDY-
Cu, GDY-Mn, GDY-Pd, GDY-Pt, GDY-Pr, and GDY-Pm. Among
the representative C; products, propanol is the most favored
product, which is consistent with past research works, supplying
important references for the reaction mechanisms. More impor-
tantly, the underlying competitions among C,, C, and C; path-
ways as well as the key factors for C—C—C coupling processes are
unraveled. Therefore, this work has supplied a novel technique to
investigate the complicated and unclear C, pathways of CO,RR,
which will be highly beneficial for designing advanced electro-
catalysts for C, products with improved selectivity and FE in the
future.

2. Results and Discussion

Currently, theoretical calculations have achieved significant re-
search progress for understanding the complicated CO,RR
mechanism, where our previous research has revealed the sig-
nificant contributions of the neighboring effect and the small-
large integrated cycle in GDY-ACs.[?] To further probe the re-
action mechanisms of C, pathways, the consideration of these
two factors is highly necessary (Figure 1a). For the generation
of C; products, the active sites are relatively simple since only
a single active site is involved in the reaction even for different
products and intermediates. As the products become more com-
plicated with multi-carbon in the structure, the possible active
sites significantly increase. For C, products, our previous works
have revealed that both single and dual-binding configurations
are feasible for intermediates.?**?! In particular, there are asym-
metrical binding configurations of key intermediates with dual
active sites on GDY-ACs, which results in the double number of
active sites in the same ACs due to the neighboring effect. As
the carbon numbers in the products further increase in C, prod-
ucts, the binding configurations become more complicated with
increased active sites, which is rarely discussed in previous re-
search. Owing to the similar bond length of C—C bonds in both
GDY and C,; products, it becomes highly possible that three re-
action sites contribute to the intermediate conversion processes.
In this way, a comprehensive investigation of different reaction
sites should be taken into account for C; products. The possible
reaction sites include C1—C4 carbon sites, FR and NR sites, as
well as Metal sites (Figure S1, Supporting Information). During
the coupling processes, the multi C; and C, intermediates have
three different distributions including 1) single, 2) two, and 3)
three reaction sites. For the final products of C, intermediates,
there are also three different binding configurations based on
three types of active sites including 1) single, 2) dual, and 3) triple
active sites. Accordingly, there are a total of 9 possible combina-
tions by considering the possibilities of both initial reactants and
final products (Figure 1b,c).

On the other side, previous research has proved that selectivity
gradually decreases as the number of carbons in the products in-
creases, where the formation of C; products already achieves over
90% FE while the FE of C, products is much lower (~60%).l"]
Based on the small-large integrated cycle mechanism proposed
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Figure 1. a) The schematic diagram for the motivations of introducing machine learning in this work. The combinations of different reaction sites and
active sites for C—C—C couplings by b) C; intermediates and c) C;+C, intermediates.

in our previous work, the low FE of C, products is ascribed to
the competition between the C; small cycle and C, medium cy-
cle. The initiation of the C, medium cycle strongly relies on the
C—C coupling through the C, key intermediate. Accordingly, the
strong preference towards C; results in the suppression of C—C
coupling and the selectivity of C, medium cycles. Similarly, the
further increases of carbon numbers depend on the C—C—C cou-
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pling, where the selectivity of the C, large cycle further reduces
due to the competitive C; and C, cycles. To reach the C—C—C
coupling for the C; large cycle, there are two possible ways: 1)
direct jump from C; small cycles (3C,); and 2) continuous cy-
cle from the C, medium cycles (C,;+C,). By comparing these two
potential reaction ways for C—C—C couplings, in-depth insights
into the complicated C, are achieved. To comprehensively reveal

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. The direct predictions of both symmetrical and asymmetrical C—C—C couplings from C; intermediates. Formation of COCOCO* from a)
single, b) double, and c) three reaction sites on a single active site. Formation of COCOCO* from d) single, e) two, and f) three reaction sites on
dual active sites. Formation of COCOCO* from g) single, h) two, and i) three reaction sites on triple active sites. The direct predictions of symmetrical
coupling to form C; products and key intermediates. Formation of CH;COCHj3 from j) single, k) two, and I) three reaction sites on a single active site.
Formation of CH;COCH; from m) single, n) two, and o) three reaction sites on dual active sites. Formation of CH;COCHj; from p) single, g) two, and

r) three reaction sites on triple active sites.

the reaction mechanisms of CO,RR for multi-carbon products,
the simultaneous considerations of the neighboring effect and
the small-large integrated cycle are critical. However, such inves-
tigations usually meet significant challenges due to the massive
numbers of theoretical calculation models and the ultralong com-
putation time. Our work on the comprehensive reaction path-
ways of C; and C, products on GDY-ACs already includes over
15 000 models. To investigate the C; products, simply relying on
DFT calculations is not realistic to screen out potential electrocat-
alyst candidates of ACs. To overcome such a challenge, introduc-
ing the first principle machine learning (FPML) method becomes
a promising solution since it is capable of supplying reliable pre-
dictions based on sufficient learning data sources from DFT cal-
culations. Therefore, our data accumulations of DFT for C, and
C, pathways have become feasible learning databases, which are
applied in this work to realize the direct predictions of the C,
pathways. For the ML parameters, we have selected from three
different aspects including 1) physiochemical properties, 2) ther-
modynamic properties, and 3) structural and adsorption param-
eters (Table S1, Supporting Information).

For the formation of C; products, the C—C—C coupling is the
most important step, which is also the potential rate-determining
step (RDS). As the most common C, intermediates, the direct
couplings of CO* through the symmetrical ways are revealed
(Figure 2). The reaction energy trends are compared between the
DFT-ML and ML—-ML to supply a reliability reference of the
direct ML predictions, where the binding energies of all C, inter-
mediates are obtained by ML without any additional DFT calcula-
tions. For “DFT to ML,” the thermodynamic trends are obtained
by the energies of initial reactants from DFT calculations. Mean-
while, for “ML to ML,” the thermodynamic trends are obtained
based on the energies of initial reactants from ML calculations.
Based on the small root squared mean error (RMSE) for ML pre-
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dictions, we can directly apply the proposed FPML method to re-
veal the reaction pathways of even more complicated C;, prod-
ucts, offering an advanced and efficient approach for future re-
search of CO,RR. For the symmetrical coupling of 3CO* to di-
rectly form the COCOCO*, we first demonstrate the single active
sites of COCOCO* with different reaction sites (Figure 2a—c). As
the reaction sites increase, the RMSE has significantly reduced,
which represents the multi-reaction sites induced by the neigh-
boring effect plays an important role in improving the prediction
accuracy of ML. Interestingly, it is noted that Metal sites are not
preferred active sites for C—C—C coupling since the strong CO*
binding hinders the further coupling process. In contrast, the C1
site is the most suitable active site with the overall lowest energy
costs due to the balance between the binding strengths of CO*
and COCOCO*. As the binding of COCOCO* changes to dual
sites, a similar trend of decreasing RMSE is noted due to the
neighboring effect (Figure 2d—f). The overall reaction energies
are slightly higher than that of the single active sites. Nearly half
of the reaction energies are still negative, supporting the direct
coupling of CO* is possible. However, different from the single
active site, the preferences between different reaction sites are al-
leviated. For the triple binding of COCOCO¥*, the RMSE of ML
is slightly higher than that of the dual active sites (Figure 2g—i).
This is because involving multi-binding configurations largely in-
creases the possible combinations of active sites, which offset the
neighboring effects, leading to slightly increased deviations from
DFT calculations. In addition, the preferences of alkyl chains of
GDY become more evident, which possess parallel active sites to
stabilize the COCOCO* with the strongest reaction trends, es-
pecially the C2—C3—C4 and C3—C4-FR active sites. This unrav-
els that the promotion of C—C—C coupling requires the suitable
binding strengths of both CO* and COCOCO*, where the metal-
related sites become less favored.
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Figure 3. The asymmetrical coupling for the formation of COCOCHO* from a) single, b) two, and c) three reaction sites on a single active site. Formation
of COCOCHO* from d) single, e) two, and f) three reaction sites on dual active sites. Formation of COCOCHO* from g) single, h) two, and i) three
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p) single, q) two, and (o) three reaction sites on triple active sites.

Besides the intermediates, the direct coupling of C, interme-
diates also enables the formation of key C; products such as ace-
tone (CH;COCH,), which requires the symmetrical coupling of
CO* and CH,* (Figure 2j-1). For most of the reaction conditions,
the direct formation of the C; products is not spontaneous with
high energy barriers. For the single adsorption configurations,
the ML has shown a high accuracy with the DFT results with ev-
ident active site preferences (Figure 3j-1). Among different sites,
the Metal, NR, and FR sites are the promising active sites for
the formation of the acetone with strong reaction trends while
the C1—C3 sites meet high energy barriers. For acetone bind-
ing on neighboring dual sites, we notice the formation energy
has increased, where most of the reaction becomes energetically
unfavored, especially for the involvements of multi-reaction sites
for CO* and CH,* (Figure 3m-o). Only C3—C4 and C4-FR sites
of limited GDY-ACs are available to proceed with the formation
of acetone with spontaneous trends or with smaller energy bar-
riers. These are attributed to the very weak binding strengths
of the CH;COCH, on dual active sites. Notably, the triple ac-
tive site condition displays a slightly stronger reaction trend for
acetone formation, where the C3—C4-FR site is the dominant
active site (Figure 3p-r). Meanwhile, both C1—C2—Metal and
C2—C3—Metal sites are highly unfavored for the direct C; cou-
plings to form acetone due to the high energy barriers (>3 eV).
These results confirm that the direct formation of C; products by
coupling of C, intermediates is challenging. Therefore, bypass-
ing the C, medium cycles to directly generate C; products is dif-
ficult, indicating that following the continuous small-medium-—
large cycles is more feasible for generation of C, products.

For the coupling of C; intermediates, the symmetrical and
asymmetrical coupling simultaneously happens with the co-
existences of CO* and CHO¥, and the competition between these
couplings still requires more investigation. First, we evaluate
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the asymmetrical C—C—C coupling between CO* and CHO*,
which shows much more possible prediction results than sim-
ple pristine CO* couplings due to the increased reaction site
combinations. For the single active site, we notice a broader
reaction energy distribution than that of the symmetrical cou-
pling (Figure 3a—c). In particular, the C1 and FR sites show the
dominant contributions to the lowest reaction energy while C3
and C4 sites are not energetically preferred for the coupling
process. The reaction energies of Metal sites are dependent on
the specific metal elements, which exhibit large differences in
the reaction trends. The numbers of dual active sites of COCO-
CHO* are doubled, leading to much more complicated predic-
tions (Figure 3d-f). Under the condition of the single reaction
site, the C4-FR site is the most possible active site to realize
the C—C—C couplings. As more reaction sites are involved, the
C3—C4 sites exhibit the lowest reaction energies while the metal-
related sites show high energy barriers. Notably, the most suit-
able active sites are strongly related to the number of reaction
sites. For all the coupling between CO* and CHO¥ in different
active sites, C1—C2 and C1-NR sites become the most energet-
ically favored active sites. For the triple active sites, the metal-
related sites cannot facilitate the C—C—C coupling for COCO-
CHO* (Figure 3g—i). This is potentially ascribed to the steric
hindrance of C1—C2—Metal and C2—C3—Metal since the three
active sites are not aligned straightly, which is not beneficial
for the adsorptions of multi-carbon products in long chains. In
contrast, the C3—C4-NR is a highly promising active site to re-
alize the C—C—C couplings. These results have demonstrated
that direct C—C—C couplings from C, intermediates are not
impossible, and the low selectivity of C; products is based on
the energy barriers of the following reduction steps, unravel-
ing that the C—C—C coupling step is not the fixed RDS for all
the ACs.
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Figure 4. The direct predictions of C;+C, coupling to form C; intermediates. Formation of COCOCHO* by CO* and COCHO* from a) single, b) two,
and c) three reaction sites on a single active site. Formation of COCOCHO* by CO* and COCHO* from d) single, e) two, and f) three reaction sites on
dual active sites. Formation of COCOCHO* by CO* and COCHO* from g) single, h) two, and i) three reaction sites on triple active sites. The adsorptions
of COCHO* are on dual active sites in (c), (), and (i). The CO insertion into CH,CH,O* from j) single, k) two, and |) three reaction sites on a single
active site. The CO insertion into CH,CH,O* from m) single, n) two, and o) three reaction sites on dual active sites. The CO insertion into CH,CH,O*
from p) single, q) two, and (o) three reaction sites on triple active sites. The adsorptions of CH,CH,O* are on dual active sites in (l), (0), and (r).

Meanwhile, the symmetrical coupling of CO and CHO* leads
to the formation of CHOCOCHO*, which is an important inter-
mediate for C; pathways (Figure 3j-1). For the single active site,
both symmetrical and asymmetrical coupling of CO and CHO*
results in similar reaction ranges, where the FR sites show the
lowest reaction energies among the single reaction sites. As more
reaction sites are involved, the C1 and C2 sites benefit the for-
mation of CHOCOCHO?, slightly distinct from the asymmet-
rical coupling with C1 and FR sites as the active sites. For the
dual active sites, the screened active sites are also affected by
the coupling way (Figure 3m-—o). From single to triple reaction
sites, the active sites gradually change from the C3—C4 site to the
C1—C2 site, which is different from the symmetrical coupling
with C4-FR as the dominant active site. In addition, the metal-
related active sites apparently favor the symmetrical coupling
over the asymmetrical coupling, confirming that different active
sites lead to distinct reaction mechanisms. These differences are
also demonstrated in the triple active sites (Figure 3p-r). For the
single reaction sites, the C3—C4-FR sites are slightly more pre-
ferred than other sites. Most of the active sites display a broad
distribution of reaction energies, indicating they are element-
dependent. As the reaction energy sites increase, we notice that
the C1—C2—C3 site becomes more preferred for both two and
three reaction sites. These results have unraveled that the alkyl
chain of GDY is more suitable for promoting the C—C—C cou-
pling than the metal-related active sites. This is because the alkyl
chain has more mild electron transfer efficiency to facilitate the
coupling process rather than tightly stabilize the C, intermedi-
ates at the specific active sites.

By following the small-large integrated cycles, the formation
of C; products also follows the cross-coupling of C,+C, inter-
mediates. In this case, we have investigated the reaction en-
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ergy trends of CO* and COCHO* for initiating the C, pathways.
When CO* and COCHO* react on the same sites or not, the
similar selectivity of the active sites is revealed (Figure 4a—c). In
particular, the C1, NR, and FR sites near the benzene ring of
GDY are available active sites while the main alkyl chain sites
(C2—C4 sites) are relatively unfavored. In comparison, the Metal
sites have displayed a medium electroactivity, where the reaction
energies are located ~0 eV in the range of —1 to 1 eV. As the CO-
COCHO* are adsorbed on dual active sites, the potential active
sites maintain similar, where the edge carbon site pair is more
energetically favored, especially the C4-FR sites (Figure 4d—f). It
is noted that C1—C2 sites exhibit even stronger reaction trends
than C4-FR sites when CO* and COCHO* are not in the same
reaction sites. As the binding site number of COCOCHO* fur-
ther increases, the reaction energy ranges have not significantly
changed, where the C3—C4-FR sites construct the most electroac-
tive regions for the coupling process while the C1—C2—Metal
sites meet large energy barriers for the C, pathway (Figure 4g—i).
Compared to the C1—C2—Metal sites, C2—C3—Metal sites dis-
play a broad range of reaction energy with largely reduced en-
ergy barriers. When COCHO¥ is under the single binding sites,
increasing the single reaction site to two reaction sites results
in the decrease of RMSE, supporting the neighboring effect is
beneficial for predicting the reaction trends. However, the ML
prediction accuracy becomes obviously weaker when COCHO*
is considered under dual active sites. These results confirm that
COCHO* maintains the single adsorption configuration in prac-
tical reactions, leading to enlarged deviations in the predictions
of adsorption energies with dual bindings on GDY.

Besides the direct C—C or C—C—C coupling processes, CO
insertion to the C, intermediates is another feasible method
for C,+C, coupling, which has been reported as a potential
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mechanism to increase the carbon chain during CO,RR.I?]

In our work, we have selected the CO* insertion into
the CH,CH,0* to form CH,CH,CO* for the formation of
CH,CH,CO*, which is a potential intermediate for the genera-
tion of propaldehyde or propanol. Since the reaction involves the
electrolyte molecules of ions and water, we have introduced the
zero-point calibration strategy as proposed in our previous work
and explained it as follows.[2°’l The zero-point calibration strategy
has been briefly elaborated as the following equations. H,0 and
OH™ are the main electrolyte molecules involved in CO, reduc-
tion reactions, which are represented by A and B, respectively.
Accordingly, the formation of (OH™+H*) and (H,O—H") can be
represented by (B4+H™) and (A—OH"), respectively. Then, (B—A)
is also represented by (A—H*)—(B+HT™), leading to the following
equation.

A, = (A-B-2H*) — (B—A) = 2(A— B— H") (1)

For DFT calculations, we assume the electrolyte effects in-
duced enthalpy difference is represented by M based on the re-
action of AH,—AH,—AH,,, = M. Meanwhile, the ML predicted
enthalpy difference will be AH,'-AH,;'—-AH,;,” = M'. Accord-
ingly, AH, = M+AH,;,+AH; and AH; = AH,-M—-AH,,.

For the enthalpy change induced by the electrolyte molecules,
there are two methods to represent the DFT calculation results
as shown below.

Apy) =AH, - AHy 2)

App = (M+AH,, +AHy) — (AH, = M - AH,,,)
= AHy — AH, +2M + 2AHy,, (3)

When the solution is under standard hydrogen electrode
(SHE) condition, the AH,,, equals 0, leading to the following re-
sults.

Ap = (Appy +App)/2 = M+AH,, = M 4)
Apg —Apy = 2AH, —2AH, —2M —2AH,,, = 0 (5)

Based on the abovementioned results, the difference between
DFT calculations and ML for the electrolyte effects are repre-
sented by M and M,,;, respectively. The accumulated differ-
ences between DFT and ML for the electrolyte effects are repre-
sented by [ Y (M,,; — Mp)], which will be zero for ideal prediction

and can bem%lyzlrther derived as follows.

6 [Z(MML_MD)] =0 (6)

N
8 {Z [[(Myy = Mp) o+ (MML—MD)N”}Z UG
i=0

Therefore, M, = M,,; = experimental constants, which indi-
cates that the zero calibrations of the electrolyte effects are valid.

For the formation of CH,CH,CO* on a single active site, the
corresponding reaction energies are mostly positive, revealing
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the high energy costs (Figure 4j-1). This indicates that the CO
insertions require the facilitation of multi-active sites to stabilize
the intermediates during the dissociation of —C—O bonds. Dif-
ferent from other C—C—C coupling processes, the selectivity of
the active sites becomes much weakened due to the broad en-
ergy distributions for all the dual active sites (Figure 4m-o). Some
metal-related sites have shown highly favored reaction trends for
the CO insertion, which are often considered as the less favored
sites for C—C—C couplings. Moreover, the energy differences of
different GDY-ACs are also much larger than other C—C—C cou-
pling processes, which indicates that the CO insertion reaction
mostly depends on the selection of the GDY-ACs. The CO inser-
tion reaction is strongly affected by the neighboring effect, where
the adsorption of CH,CH, CO* on the triple active sites shows the
lowest RMSE (Figure 4p-1). Although the active site preferences
are not as evident as other C—C—C coupling processes, it is re-
vealed that the C3—C4-FR sites are slightly more beneficial to CO
insertion.

After the predictions of different C—C—C coupling situations,
we have summarized the overall reaction trends based on active
sites. Notably, the Metal and nearby active sites show higher bar-
riers for promoting the C—C—C couplings than the alkyl chain
sites of GDY. For the symmetrical coupling of CO* to COCOCO¥,
most of the active sites are FR-dominated active sites, indicat-
ing that the suitable electroactivity and spatial arrangements of
GDY are critical to promoting the formation of C; intermedi-
ates (Figure 5a). In comparison, the asymmetrical coupling of
CO* and CHO* to generate COCOCHO* displays even lower
energy barriers, revealing slightly improved preferences for sym-
metrical couplings (Figure 5b). Similarly, the main active site is
the C3—C4—FR sites of the alkyl chains in GDY, further con-
firming the significance of GDY for realizing the C—C—C cou-
pling. Compared to the asymmetrical coupling between CO* and
CHO¥, the selectivity of symmetrical coupling towards CHOCO-
CHO* becomes much weaker due to the less energetically fa-
vored reaction trends (Figure 5c). The symmetrical coupling be-
tween CO* and CH,* to form acetone is not favored on most
sites, where only the single active site of acetone is possible to
promote such coupling (Figure 5d). This proves the overall very
low selectivity for such couplings due to other competitive C,
and C, pathways. Among different reaction sites, it is noted that
most C—C—C coupling processes do not prefer the two reaction
sites condition and three reaction sites are actually most pre-
ferred, which is ascribed to the potential alleviations of the steric
hindrance between C,; and C, intermediates (Figure 5e). Mean-
while, directly generating C, products such as acetone through
the coupling of C, intermediates is strongly unfavored. The cou-
pling of CO*+CO*+CO* and CO*+CO*+CHO* show the over-
all lower reaction energy, indicating that fewer hydrogen atoms
involved in the coupling are more beneficial. Compared to C;+C,
coupling, direct C; coupling has stronger reaction trends, which
demonstrates that the CO,RR process is possible to directly jump
from the small cycle of C,; pathway is possible to the large cy-
cle of C, pathways and bypass the medium cycle of C, path-
ways. These results have confirmed that both reaction sites and
C—C—C coupling way are important in affecting the selectivity
and efficiency towards C; products, which offers significant ref-
erences to understanding the complicated reaction mechanisms
of CO,RR.
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Figure 5. The average energy costs of screened active sites for promoting symmetrical and asymmetrical coupling for generation of a) COCOCO¥, b)
COCOCHO*, ¢) CHOCOCHO¥*, and d) CH3COCHj5. €) The comparisons of average energy costs for C—C—C coupling processes. The competition
between asymmetrical coupling towards COCOCHO* with f) COCOCO* and g) CHOCOCHO*. The reaction energy barriers of acetone for GDY-ACs
are based on h) 3d, i) 4d, j) 5d, and k) Ln elements in the acidic environment. The reaction energy barriers of 1,2-propylene glycol for GDY-ACs with )

3d, m) 4d, n) 5d, and o) Ln elements in the acidic environment.

Based on the preferences of active sites and reaction sites, we
have proposed the most promising candidates of GDY-ACs for
the C—C—C couplings, as shown in Table S2 (Supporting Infor-
mation). For the direct coupling of CO* to form COCOCO¥, there
is a total of 7 GDY-ACs have been identified including GDY-Ni,
GDY-Cu, GDY-Pd, GDY-Pt, GDY-Hg, GDY-Pr, GDY-Pm. For the
asymmetrical coupling of CO* and CHO¥, highly similar GDY-
ACs are screened. As more electrons are involved in the C—C—C
couplings, the screen results of GDY-ACs change. For the sym-
metrical coupling of CO* and CHO* to form CHOCOCHO¥, the
performances of GDY-Cu and GDY-Pt reduce while the other
screened GDY-ACs still remain the same. In contrast, GDY-ACs
show very different preferences for the symmetrical coupling be-
tween CO* and CH;*, where the advantages of early TMs be-
come evident. For 3d TMs based GDY-ACs, GDY-Sc, GDY-Ti,
and GDY-V are the most suitable GDY-ACs for the formation of
acetone. For 4d and 5d-based GDY-ACs, GDY-Y, GDY-Nb, GDY-
Hf, and GDY-Ta are also identified for the formation of acetone.
For the Ln-based GDY-ACs, the overall electroactivity is higher
than GDY-TMs ACs, in which GDY-Pr and GDY-Pm display par-
ticularly excellent performances for different C—C—C coupling,
supporting their great potential for C; pathways.

More importantly, the competitions between asymmetrical
and symmetrical couplings inevitably exist during the CO,RR,
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which are further compared regarding different reaction sites
and active sites. The positive energy represents the higher pref-
erence for symmetrical coupling while the negative energy in-
dicates the higher preference for asymmetrical coupling. Com-
pared to COCOCO* formed by symmetrical coupling, we notice
that the formation of COCOCHO~* displays slightly weaker pref-
erences, especially for the single and dual active sites (Figure 5f).
In contrast, the asymmetrical coupling is promoted by the
triple active sites for COCOCHO¥*. However, compared to the
formation of CHOCOCHO* formed by symmetrical coupling,
the asymmetrical COCOCHO* becomes more energetically pre-
ferred, which is attributed to the increases in the overall energy
induced by more protons involved in the symmetrical coupling
(Figure 5g). According to the results, the formation preference
order is COCOCO* > COCOCHO* > CHOCOCHO*, where we
notice that there are no absolute advantages for either symmetri-
cal or asymmetrical coupling processes.

After revealing the C—C—C coupling processes, we have se-
lected the representative C; products to investigate the reac-
tion barriers of each step. Since the reaction mechanisms of
C, products are highly complicated with diverse products, we
have simplified the active sites of C; intermediates with only
single and dual binding sites on GDY-ACs. All the reactions
start from COCOCO*, where the following reduction steps are
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considered with a single reaction site for easy comparisons. Ace-
tone (CH;COCH,;) is one of the C; products reported in the lim-
ited research of CO,RR with multi-carbon products. From the
COCOCO¥*, we notice that there are several steps with evident en-
ergy barriers during the formation of CH;COCHj; in the acidic
environment. For 3d transition metals (TMs) based GDY-ACs,
the initial hydrogenation step towards CHOCOCHO* is energet-
ically preferred for most GDY-ACs (Figure 5h). The conversion
from CHOCOCHO* to CHOCOCHOH* induces the first energy
barrier, where both C1 and Metal sites are promising active sites
to avoid the energy barriers. Notably, the dissociation of two —OH
groups from CHOHCOCHOH®* causes the largest energy barri-
ers for acetone formation. The formation of CHOHCOCH, and
CH,COCH, causes continuous uphill reaction energies as the
RDS for acetone formation. Based on the RDS steps, the GDY-Ni,
GDY-Cu, GDY-Mn, and GDY-Sc are the most electroactive GDY-
ACs with the smallest energy barriers, especially the C1-Metal
and Metal are the main sites for RDS. Compared to 3d TMs-based
GDY-ACs, the 4d TMs become less electroactive for C; products,
where only RDS barriers are further increased (Figure 5i). In par-
ticular, we notice that Nb to Ru cannot be the metal selections of
GDY-ACs for acetone formation due to the large energy barriers
for all active sites. Although GDY-Cd has shown the lowest en-
ergy barriers for RDS, the toxicity of Cd prevents them from be-
coming the electrocatalyst candidates. Meanwhile, GDY-Pd and
GDY-Zr are capable of overcoming the RDS with small energy
barriers through the metal-related active sites. After the RDS, it
is noted final hydrogenation steps still display a minor barrier for
most of the GDY-ACs, except for the GDY-Pd and GDY-Zr, in-
dicating them as the potential candidates for acetone formation.
For the 5d TMs-based GDY-ACs, the GDY-Au is first excluded for
acetone formation due to the ultrahigh energy barriers (>3.5 eV)
(Figure 5j). Different from 3d TMs, both GDY-Cd and GDY-Hg
show minor barriers for RDS while the GDY-Zn meets a large
barrier, revealing different electroactivity for the fully occupied
d orbitals of IIB group TMs. Similar to the 4d TMs-based GDY-
ACs, the VIIB group TMs are potential candidates for GDY-ACs
towards the acetone formation, where GDY-Pt easily overcomes
the RDS through specific active sites. Compared to TMs, the over-
all electroactivity of lanthanide-based GDY-ACs is obviously im-
proved since the Metal sites are highly electroactive for the contin-
uous hydrogenation steps from COCOCO* to CHOHCOCH,*
(Figure 5k). We have noticed that GDY-Pm and GDY-Pr have dis-
played barely any barriers for all the reaction steps, even the RDS.
However, since their high electroactivities have also been noticed
for the C, products in our previous research, it is highly possi-
ble that there is strong competition and lower selectivity for both
C, and C, products. Therefore, for the acetone formation, we
have screened out several possible candidates through the ML di-
rect predictions including GDY-Cu, GDY-Mn, GDY-Ni, GDY-Sc,
GDY-Pd, GDY-Zr, GDY-Hf and GDY-Pt, GDY-Pm and GDY-Pr.
Compared to the acidic environment, the alkaline electrolyte is
less beneficial for the acetone formation, where the energy bar-
riers become more fluctuated regarding the active sites (Figure
S2, Supporting Information). Moreover, the overall energy barri-
ers are enlarged, especially for the RDS, which further reduces
the potential electrocatalyst candidates. For 4d TMs, GDY-Pd be-
comes unfavorable for acetone formation while the early 4d TMs-
based GDY-ACs display lower barriers of RDS through the metal-
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related active sites. Similar results are also revealed in 5d TMs-
based GDY-ACs. In addition, the RDS of GDY-Au changes from
unfavorable to energetically favored on Metal and nearby active
sites for acetone formation. In contrast, there are more poten-
tial electrocatalyst candidates for lanthanide-based GDY-ACs in-
cluding GDY-Er and GDY-Dy, demonstrating that electrolyte has
strong influences on the electroactivity of GDY-ACs.

As another possible product for C,; products, 1,2-propylene
glycol (CH,OHCHOHCH,) shares the same reaction steps
with acetone from COCOCO* to CHOHCOCH,*, where
the formation of both products shares the same RDS step
(Figure 5l-0). Among all the reaction steps, the formation of
the CHOHCOCH,* is the RDS while the barriers of reac-
tion steps are alleviated when compared to acetone, indicating
a stronger reaction trend for the 1,2-propylene glycol in the
acidic electrolyte. It is worth mentioning that the selectivity-
determining step between acetone and 1,2-propylene glycol is
the conversion of CHOHCOCH,*, where the direct hydrogena-
tion towards CHOHCOCH,* is superior to the dehydration
of CHOHCOCH,*. These results have revealed that GDY-ACs
show a higher selectivity for the 1,2-propylene glycol over the
acetone. For the continuous hydrogenation of CHOHCOCH, * to
the final product CH,OHCHOHCH;, 3dTMs-basedd GDY-ACs
demonstrate the lowest energy barriers, supporting the highest
electroactivity (Figure 5l). It is noted that GDY-ACs with early to
mid 3d TMs display the strongest reaction trend. In contrast, the
late 4d and 5d TMs-based GDY-ACs indicate lower energy barri-
ers, except for GDY-Au. GDY-Pd not only exhibits the low energy
barriers for RDS but also the continuous spontaneous reaction
trends for the subsequent hydrogenation, making them suitable
electrocatalysts for 1,2-propylene glycol generation (Figure 5m).
GDY-Ausstill displays relatively higher energy barriers when com-
pared to all the other GDY-ACs of 5d TMs. This is ascribed to the
over-strong binding of protons, which limits the migrations of
free protons during the CO,RR and increases the barriers for hy-
drogenations (Figure 5n). For the Ln-based GDY-ACs, GDY-Pr
and GDY-Pm still possess the obviously stronger electroactivity
for the formation of 1,2-propylene glycol, which is similar to the
acetone formation as well as other C, products, leading to the
strong competition among all the products (Figure 50). On the
other side, the strong binding of C, and C, products on GDY-
Pr and GDY-Pm potentially affects the conversion efficiency of
CO,RR due to the desorption barriers. Besides GDY-Pr and GDY-
Pm, several other GDY-ACs are also identified with high elec-
troactivity such as GDY-Ho. In addition, the C1-Metal sites of
GDY-Ce, GDY-Nd, GDY-Sm, GDY-Eu, GDY-Dy, GDY-Tim, and
GDY-YD also promote the RDS steps with reduced energy costs
than other active sites. When the electrolyte changes from acidic
to alkaline, we notice that the reaction barriers are enlarged,
where the formation of CHOCOCHOH* also becomes potential
RDS for GDY-ACs (Figure S3, Supporting Information). From
3d to 5d-based GDY-ACs, the RDS barriers gradually alleviated,
indicating that more 5d-based GDY-ACs are suitable for the gen-
eration of 1,2-propylene glycol. For Ln-based GDY-ACs, although
the reaction barriers increase, the potential candidates for CO,RR
remain similar.

Propanol is the most studied C; product, which requires
18 electrons to transfer from CO, and has been identified in
previous experiments.['%1213] The initial hydrogenation from
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Figure 6. The reaction energy barriers of 1-propanol for GDY-ACs based on a) 3d, b) 4d, ) 5d, and d) Ln elements.

COCOCO* to CHOCOCHOH* is the common reaction step for
propanol, acetone, and 1,2 propylene glycols. In comparison, the
generation of propanol meets increased energy barriers at the se-
lectivity turning step (Figure 6a—d). The hydrogenation of the car-
bon of -CO of CHOCOCHOH?* is more energetically challenging
than the hydrogenation of oxygen sites of —CHO, resulting in the
decreased selectivity of 1-propanol. The dominant RDS occurs
at the dehydration of CHOHCHCH,*, where nearly all the ac-
tive sites meet energy barriers. For 3d TMs-based GDY-ACs, the
smallest energy barriers occur at GDY-Sc, GDY-Mn, and GDY-
Cu (Figure 6a). After the RDS, all the following reduction steps
become highly energetically preferred. Both 4d and 5d TM-based
GDY-ACs also show the same RDS with slightly increased aver-
age barriers (Figure 6b,c). For 4d-TMs, GDY-Y, GDY-Zr, GDY-
Pd, and GDY-Cd display the smallest energy barriers at the C4-
FR active site, respectively. These energy barriers potentially af-
fect the conversion efficiency and FE of propanol for TM-based
GDY-ACs. For Ln-based GDY-ACs, the overall reaction trends re-
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main similar, whereas the RDS still remains as the formation
of CHOHCHCH,* (Figure 6d). However, the RDS barriers are
strongly reduced, especially since both GDY-Ho and GDY-Pm
promote the RDS without any barriers on the C4-FR sites. Among
all the Ln elements, GDY-Pm and GDY-Pr are the most electroac-
tive since they are able to undergo most reaction steps without
spontaneous trends. These results have demonstrated that TMs
and Ln-based GDY-ACs depend on the same C4-FR active sites
to accelerate the RDS, supporting the significant role of alkyl
chains of GDY as novel active sites induced by the neighbor-
ing effect. Similar to the generation of acetone and 1,2-propylene
glycol, the alkaline electrolyte lowers the overall CO,RR perfor-
mances, which is attributed to the increased barriers for active
proton generation (Figure S4, Supporting Information). The se-
lectivity among different active sites becomes much stronger, in
which the Metal-related active sites dominate the reaction path-
ways toward 1-propanol with much lower energy barriers. Ow-
ing to the increased energy barriers, we notice that only early
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Figure 7. The reaction pathways of selected GDY-ACs for a) acetone, b) 1,2-prolyene glycol, and c) 1-propanol based on the reaction pathways with the
smallest energy costs. The reaction pathways of selected GDY-ACs for d) acetone, €) 1,2-prolyene glycol, and f) 1-propanol based on the average barriers

of all reaction sites.

TM-based GDY-ACs show energetically favored trends for RDS,
leading to less suitable candidates for the formation of 1-
propanol. The high electroactivity of GDY-Pr and GDY-Pm are
also strongly weakened, where only limited active sites are able
to promote the RDS, further confirming the reduced CO,RR per-
formances of GDY-ACs in the alkaline environment.

According to the preliminary screening of the energy barri-
ers directly predicted by ML, we have demonstrated the reac-
tion energy changes of six selected GDY-ACs for the forma-
tion of different C; products (Figure 7a—c). All the reaction ener-
gies are obtained based on the most energetically favored active
sites, which are dominated by the Metal sites. From acetone to
1,2-prolyene glycol and 1-propanol, the overall reaction energies
gradually decrease, supporting the increasing reaction trends for
1-propanol with the highest selectivity as past research works.
The GDY-Pm has evidently better CO,RR performances than all
the other screened GDY-ACs, which is the most promising can-
didate for promoting the generation of C, products. During the
formation of acetone, we notice that only GDY-Cu shows two
minor energy barriers of 0.30 and 0.11 eV, respectively for the
formation of CHOCOCHOH* and CH,OHCOCH,* (Figure 7a).
The GDY-Pd shows the highest electroactivity among TMs-based
GDY-ACs, which is similar to that of GDY-Pr. For the genera-
tion of 1,2-prolyene glycol, the reaction steps from COCOCO*
to CH,OHCOCH,* are identical to the pathway of acetone
(Figure 7b). However, compared to the acetone pathways, the
selectivity to 1,2-prolyene glycol is stronger since the direct hy-
drogenation of CH,OHCOCH,* is more energetically favored
than the dehydration towards acetone formation. In the gener-
ation of 1-propanol, the reaction energy further decreased for
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the selected GDY-ACs (Figure 7c). Although the reaction trends
become stronger, there are more reaction barriers that appear
during the reaction steps. For the conversion from CHOCO-
CHOH to CHOCOHCHOH*, GDY-Cu, GDY-Mn, GDY-Pd, and
GDY-Pd all display an energy barrier. These results reveal that
the hydrogenation of —C is more challenging than —O due to
the different electronegativity and electronic distributions. In
addition, another evident barrier occurs at the dehydration of
CHOCHCH,OH?¥*, which is the RDS for the 1-propanol path-
way. Compared to acetone and 1,2-prolyene glycol, the GDY-Pr
and GDY-Pm are more electroactive for the 1- propanol genera-
tion owing to the much-reduced reaction energies. The reaction
energy changes of the selected ACs have indicated the promising
C, selectivity of Ln-based GDY-ACs.

In addition, we have also demonstrated the average barriers
of the GDY-ACs for different reaction pathways (Figure 7d—f).
Notably, the average approach has alleviated the reaction trends
for all the GDY-ACs towards different C; products. In addi-
tion, we have noticed that there are more reaction barriers
appearing, indicating the significance of active sites for pro-
moting the key reaction steps. For the overall reaction trends,
the formation of 1-propanol is still higher than 1,2-prolyene
glycol and acetone, representing the overall product selectiv-
ity is not significantly changed. For the generation of ace-
tone, the conversion from CHOCOCHO* to CHOCOCHOH*
and CH,0OHCOCH, to CH,COCH, are two main barriers for
most of the screened GDY-ACs (Figure 7d). In contrast, GDY-
Pr and GDY-Pm still show energetically favored trends. For
the production of 1,2-prolyene glycol, the hydrogenation step
from CHOHCOCHOH to CHOHCOCH,OH becomes another
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Figure 8. a) The correlation between hydrogenation degrees and coupling barriers. b) The competition between C; direct coupling and C;+C, coupling.
) The volcano between the adsorption energies of C; intermediate and C—C—C coupling barriers. The triple saddle correlation between the RDS barriers
and GDY-ACs with d) 3d, e) 4d, f) 5d transition metal elements. g) The converse saddle correlation between the RDS barriers and GDY-ACs with Ln

elements.

evident barrier, which is slightly smaller than the hydrogenation
of CHOCOCHO* (Figure 7e). This reveals that the CHOCO-
CHO* to CHOCOCHOH* is the potential rate-determining step
(RDS) for the 1,2-prolyene glycol generation. Similarly, GDY-
Pr and GDY-Pm easily overcome these RDS with overall high
electroactivity for C, products. Although the generation of 1-
propanol has the strongest reaction trends, the dehydration step
of CHOCHCH,OH to CHOCHCH, as the RDS shows evident
barriers for all screened GDY-ACs even including GDY-Pr and
GDY-Pm (Figure 7f). These average energy barriers have shown
an overall electroactivity of GDY-ACs for C; pathways, where the
contributions of active sites are important for modulating the re-
action trends and reducing the barriers.

To obtain an in-depth understanding of C—C—C coupling, we
have further revealed different correlations between energy bar-
riers and different factors. CO* is one of the key intermediates,
which is significant for C,, C, and C; products through the hy-
drogenation or coupling processes. For direct hydrogenation pro-
cesses of CO*, the average ML-predicted barriers of all GDY-
ACs display a volcano trend with overall high energy barriers
(Figure 8a). Meanwhile, an evident parabolic trend is identified
between the C—C coupling energies and the hydrogenation de-
grees of the intermediate. The C—C—C coupling of C, intermedi-
ates also demonstrates a parabolic trend based on the quadratic
equation with R? = 0.999. This indicates that the C—C—C cou-
pling is limited by the proton numbers of three, supporting that
the C—C—C couplings of C, intermediates usually occur between
CO* and CHO* while other couplings way meet higher energy
Dbarriers. For comparisons of three different reactions of CO*, the
purple shaded area indicates a very small range for the direct
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C—C—C coupling by C, intermediates when compared to C—C
couplings or direct hydrogenation. When the hydrogenation de-
grees exceed four, the C—C—C couplings become more energet-
ically favored, which is realized by C,+C, intermediates. These
results demonstrate unique selectivity competitions among C,,
C, and C; pathways of GDY-ACs predicted by ML. The C—C—C
coupling is achieved by either direct C; coupling or C,+C, cou-
pling, which are strongly correlated with the adsorption energies
of key C, intermediates (Figure 8b). For CO¥, the stronger ad-
sorption strength results in higher barriers of direct C; coupling,
and the relatively weak adsorption energies (>—1 eV) guarantee
the higher selectivity of direct C; coupling. The adsorption en-
ergies of CHO* exhibit a converse trend, where the stronger ad-
sorption strengths are beneficial for the C,+C, coupling over di-
rect C; coupling. According to these results, the direct C—C—C
coupling between CO* and CHO* is realized by the strong ad-
sorption of CHO* and weak adsorption of CO*. In addition, the
volcano trends are also noted between the ML-predicted bind-
ing energies of C, intermediates and the C—C—C coupling barri-
ers (Figure 8c). The over-strong adsorption strengths of C; inter-
mediates such as CH;COCH,; also cause the high C—C—C cou-
pling barriers. Meanwhile, the C—C—C couplings are easier for
weaker adsorption strengths with adsorption energies larger than
—2.5 eV, which results in the negative energy barriers for CO-
COCHO* and CHOCOCHO¥. Besides the C—C—C couplings,
the smallest RDS barriers are also correlated with different el-
ements to screen out the most suitable GDY-ACs (Figure 8d).
Notably, for TM-based GDY-ACs, the RDS barrier evolutions ex-
hibit triple saddle trends for different C; products, where three
minimum points are distinguished. For 3d-TMs based GDY-ACs,
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GDY-Sc, GDY-Mn, and GDY-Cu have the highest electroactiv-
ity for all three C, products. The triple saddles of 4d-TMs-based
GDY-ACs show slightly different preferences, where only the
early and late TMs are screened out (Figure 8e). Compared to 3d-
TMs-based GDY-ACs, the RDS barriers are increased, and the
formation of 1,2-prolyene glycol displays smaller barriers than
acetone and 1-propanol. Based on the RDS barriers, the most
promising GDY-ACs for C; products are GDY-Zr, GDY-Pd, and
GDY-Cd. Although 5d-TMs-based GDY-ACS display a similar
saddle correlation with the 4d-TMs, the smallest RDS barriers
are alleviated (Figure 8f). In particular, the GDY-Hf, GDY-Pt,
and GDY-Hg are identified with the highest electroactivity for
C, products, in which the formation of acetone has the small-
est RDS barriers. Meanwhile, we notice that Ln-based GDY-ACs
demonstrate a converse saddle correlation between RDS barriers
and f electrons (Figure 8g). As the f electron increases, three ev-
ident valley points are revealed with the smallest RDS barriers,
which are GDY-Pm, GDY-Pr, and GDY-Ho, respectively. These
in-depth analyses of the ML-predicted energy for C—C—C cou-
plings and C; products not only have discovered the electrocata-
lyst candidates of CO,RR but also have supplied significant refer-
ences for understanding the reaction mechanisms toward multi-
carbon products in the future.

3. Conclusion

In summary, we have performed systematic ML to predict the
C—C—C coupling processes as well as the C; reaction pathways
of CO,RR for the first time. According to the neighboring effect
and small-large integrated cycles, we have compared the C—C—C
couplings through different C; and C, intermediates with con-
sideration of single to multi-active sites. Through this work, it
is noted that the direct coupling of C; intermediates is more
energetically preferred than the C—C coupling between C; and
C, intermediates, which are highly correlated with the H num-
bers. Although the C—C—C coupling of the C, intermediate is are
feasible reaction pathway, the direct coupling towards C; prod-
ucts displays large energy barriers, indicating that the formation
of C, products still needs to undergo the large C; cycles with
gradual hydrogenation steps during the reduction. The reaction
sites display most C—C—C coupling prefer single or three reac-
tion sites while the two reaction sites only promote the forma-
tion of CHOCOCHO*. Based on the reaction pathway prediction,
propanol displays the higher reaction trends than acetone and
1,2-propylene glycol, supporting previous experiments. In addi-
tion, the strong correlation between coupling processes and dif-
ferent key factors is demonstrated to understand the C, reaction
mechanisms. Through the reaction energy and RDS barriers, sev-
eral novel GDY-ACs are screened as promising candidates to real-
ize efficient generation of C; products during CO,RR. This work
will benefit the development of novel electrocatalysts to realize
C, product generations by CO,RR with high electroactivity and
selectivity in the future.
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