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The development of catalysts with high activity and selectivity for electrochemical reduction of CO, could
provide renewable energy sources and improved environmental remediation. However, most current
electrocatalysts have large energy barriers that lower their activity and selectivity. Here, we designed
a class of electrocatalysts with 3d transition bimetallic active sites embedded into covalent organic
frameworks (COFs) and discovered that they were more efficient than noble metals and single-atom elec-
trocatalysts in CO, reduction reaction to CO. To facilitate rational design and quick screening of desired
catalysts, an intrinsic descriptor was identified for the catalysts, which correlates the catalytic activity
with the topological, bonding, and electronic structures. Among the catalysts, Fe/Cu-, Ni/Zn-COFs could
be excellent electrocatalysts, with the low overpotential (~0.25 V) while suppressing side reactions.
The excellent activity and selectivity of the catalysts stems from their unique bimetallic sites that break
the constraint of scaling relations, leading to much more adsorption modes and facilitating intermediates
to achieve the ideal states.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

The electrochemical reduction of carbon dioxide (CO,) into car-
bon-neutral fuels provides a viable strategy to recycle and utiliza-
tion of CO, in renewable energy conversion/storage and
environmental remediation [1-5]. At the heart of CO, conversion
technology, electrocatalysts are urgently needed to promote the
critical reaction, namely CO, reduction reaction (CO,RR). Recently,
the single-atom catalysts (SACs) with high activity are emerging as
one of the most promising candidates to replace the noble metals
(Au, Ag) in CO, conversion [6-10]. The Fe-N-C and Co-N-C SACs
have been demonstrated to be effective electrocatalysts for CO,RR
with high Faradaic efficiency [11-14]. However, there is often a
large energy barrier in the elementary reaction of CO, chemisorp-
tion or product desorption, which increases their reactive overpo-
tential and lowers their activity and selectivity [15,16]. These
limitations are generally derived from the single-atomic centers
that cannot simultaneously provide enough catalytic sites for
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adsorbing and activating the chemically stable CO, molecules
and their intermediates [17,18]. This result is supported by the
first-principles calculation that if the CO, gas molecules are
adsorbed on SACs with the C-terminal mode, one of the O atoms
will be in an unstable state because the carbon-oxygen double
bond is broken [19]. Despite a great progress in CO,RR, therefore,
there are still significant challenges in rationally designing an elec-
trocatalyst with superior activity and selectivity for desirable prod-
ucts in CO,RR.

The use of bimetals has been proven to be an effective way to
improve the catalytic performance in numerous catalytic conver-
sion reactions and seems to be expected to solve the above issues
[20]. In nature, the biological enzymes with heterobinuclear cen-
ters (e.g., multinuclear Fe-Mo center in nitrogenases for nitrogen
fixation) generally assume the task of highly efficient catalysis
and are more active than the single ones for catalyzing complex
reactions [21,22]. The bimetal design could even break the scaling
effect due to their bi-active center and synergistic effect. Compared
to the single-metal sites, the bimetal active sites are more favor-
able for providing more versatile electron transfer modes, orbitals,
and geometric configurations to regulate adsorption or desorption
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of intermediates to satisfy the appropriate state to achieve higher
catalytic activities [23-26]. Recently, Zhao [27] et al. have reported
an iron-nickel (Fe/Ni) based bimetallic-atom electrocatalyst (BAC)
that could significantly reduce the free energy of CO desorption
into the gas phase and exhibited better catalytic performance for
CO,RR. Moreover, Li [28] et al. and Sun [29] et al. discovered two
BACs, Fe/Co-BAC and Co/Zn-BAC, respectively, both of which have
a better electrocatalytic performance for oxygen reduction reaction
(ORR) than SACs. In addition to CO,RR, the catalytic performance of
BACs is also superior to SACs in many other reactions such as water
splitting, nitrogen reduction, and CO oxidation [30-33]. Thence, it
is of significance to experimentally and/or computationally explore
the design principles for BACs, especially for complex chemical
reactions such as CO,RR.

Herein, we designed and proposed an exciting class of BACs, in
which the sites of two transition metallic atoms are anchored by
nitrogen atoms to form numerous “M;/M,-Ng" catalytic units in
covalent organic frameworks (COFs). We aimed to understand CO,-
RR catalytic mechanism and provide design principles for experi-
mental synthesis of these BACs. The density functional theory
(DFT) calculations have then been utilized as reliable, efficient
mainstream methods to quickly screen for catalysts with desirable
catalytic performance [34,35]. A few descriptors have been discov-
ered for describing the catalytic behaviors of different material sys-
tems including metal oxides, carbon nanomaterials and SACs [36-
41], but there lacks the inherent descriptors or design principles for
the screening of the best catalysts from numerous BACs. In this
work, the possible intermediates, free energy, reaction pathways
and overpotential (1) of CO,RR were considered and calculated
with the DFT methods to identify the dominant products and
explain the catalytic mechanism in depth. A new descriptor has
been discovered that governs the catalytic activity of BCAs for CO,-
RR. This work thus provides a theoretical base for developing novel
BACs in this thriving field of electrocatalysis.

2. Results
2.1. Molecular structures and stability of BAC-COFs

A series of BAC-based COFs (BAC-COFs) structures with two 3d
transition metallic atoms in the center of “M;/M,-Ng” catalytic
units (M; and M, = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) are cre-
ated to study their CO,RR catalytic activities (Fig. 1a). With COF
substrates, these catalysts have high BET surface, porous structure,
well-defined coordination structure and clear catalytic units,
which provide large catalytic sites, promote the diffusion of gas
molecules and facilitate the improvement of catalytic performance
through atomic level control [42]. Fig. S1 shows the executable
route to synthesize the electrocatalysts of BAC-COFs by using some
commercially available chemical reactants. Actually, many similar
electrocatalysts with the bimetallic units anchored on graphene
have been experimentally synthesized in several simple steps for
electrocatalytic applications [27-33].

The stability of heterogeneous M;/M,-BAC-COFs was deter-
mined by calculating the formation energy [43,44] and comparing
with the corresponding homogeneous M;/M;-BAC-COFs and M,/
M,-BAC-COFs. Many BACs (e.g., Fe/Ni, Fe/Fe, Co/Zn, Fe/Co and Co/
Zn) predicted by the formation energy method have been synthe-
sized experimentally, as listed in Table S14. Those BAC-COFs with
high formation energy catalysts candidates may be unstable and
will be excluded. As shown in Fig. 1b and Table S9, Sc-, Ti-, and
V-based BAC-COFs have relatively high formation energy due to
their relatively large atomic radius. There are a number of hetero-
geneous M;/M, BAC-COFs with lower formation energy, which are
energetically more favorable than M;/M; and M,/M,, such as Cr/

M,-BAC-COFs, Fe/M,-BAC-COFs. Thus, most of the BAC-COF cata-
lysts could be synthesized from the viewpoint of thermodynamics,
except for Sc-, Ti-, and V-based M;/M;-BAC-COFs.

2.2. Electronic structures and catalytic mechanisms of BAC-COFs

Since experimental results show that the reaction of two elec-
tron transfer most likely occurs in CO,RR [27], we here only focus
on simple but common products, namely CO and HCOOH. Fig. 1c
shows all the possible intermediates and reaction pathways of
CO,RR to form CO and HCOOH products on BAC-COFs. There are
four elementary reactions in CO,RR (Fig. 1c), including: (i) CO,
adsorption, (ii) CO, activation, (iii) chemical formation, and (iv)
products desorption. We explored CO,RR mechanism on different
“M;/M,-Ng” structures, starting from the initial step of CO, adsorp-
tion at the active sites. In the initial step, both metal ions in “M;/
M,-Ng” catalytic unit favorably provide their empty orbits or elec-
tron pairs to satisfy the complex coordination of intermediates into
an appropriate state and result in six possible intermediates in CO,
chemisorption. According to the calculations, most of the BACs can
spontaneously chemisorb CO, molecules with moderate adsorp-
tion energy except for Sc/M,-BACs. The catalytic units with Sc have
stronger adsorption ability to capture CO,, which conforms to the
previous literature that the Sc-SAC weaken the bond strength of
C-0 bonds in CO, molecules and enhance the adsorption of their
intermediate [45]. On the contrary, most of the corresponding SACs
have a relatively higher energy barrier in bonding CO,, which lim-
its their catalytic activity [46].

Thereafter, the first proton begins to approach the *CO, inter-
mediates and further forms twelve possible CO, activating inter-
mediates after the first hydrogenation reaction. Generally, those
CO, activating intermediates can be classified into two categories:
*COOH and *OCHO, which are critical intermediates for the forma-
tion of CO and HCOOH in CO,RR, respectively [47]. To determine
whether CO or HCOOH is the dominant product in CO,RR, the over-
potential (Supporting Information) is employed as an effective cri-
terion to predict the preferential product in the competition
reactions [48]. The overpotentials of CO (#°) and HCOOH (#H0°H)
for BACs were calculated and listed in Tables S6 and S7. Fig. 2a and
2b graphically shows the results—all of the BAC-COFs have a higher
overpotential for HCOOH (#"°°°") than that for CO (1#°), indicat-
ing that the formation of HCOOH in the overall conversion of CO,-
RR is unfavorable compared to CO. Hence, HCOOH is inhibited in
CO2RR because there is a huge energy change (AGs) in the forma-
tion of *HCOOH intermediate in the third elementary reaction for
most of the BAC-COFs (Fig. S2), but the free energy for forming
CO at each elementary reaction is closer to the ideal value. Further-
more, HCOOH could not be formed via *COOH intermediates
(*COOH — *HCOOH), either, because the second proton attacking
the inner C atom of the *COOH intermediate is inadvisable com-
pared to the external O atom (Fig. S3). In principle, the protons
(positive) have more tendency to interact with ~OH moiety (with
negative charge) in *COOH intermediate than C moiety (with pos-
itive charge) to form chemical bonds due to electrostatic attraction
[49]. This prediction that CO is dominant in two-electron CO,RR is
basically consistent with the experimental results, and also prove
that the CO,RR mechanism with *COCOOH as a critical intermedi-
ate in Fe/Ni bimetallic catalytic center, proposed by Zhao [27], is
implausible. Therefore, in CO,RR, the pathway to produce CO
(CO, - *CO, —» *COOH — *CO — CO) involves two elementary
reactions of electrochemical hydrogenation and two physical
adsorption/desorption reaction without electron transfer [50].
The bimetallic catalytic center in BAC-COFs can provides variable
coordination modes to facilitate the formation of up to ten reaction
mechanisms for CO products, which is more flexible than most
electrocatalysts with single catalytic site [51].
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Fig. 1. (a) Schematic of a BAC-based COF structure (the inset in the upper right corner is a “M;/M,-Ng" catalytic unit). The black, blue, green, yellow and pink colors represent
C, N, H, My, and M,, respectively; (b) The formation energy of Fe/M,-BAC-COFs, Fe/Fe-BAC-COF and M,/M,-BAC-COF; (c) The possible catalytic mechanisms of two-electron
CO,RR on BACs, including (i) CO, chemisorption, (ii) CO,, activation, (iii) chemical formation, and (iv) product desorption. The proton and electron (H*+e™) in the elementary
reactions are omitted for simplification. The black, blue, green, yellow, pink, and red colors represent C, N, H, My, M, and O, respectively.

The combination of 3d transition metals can form numerous
bimetal catalytic structures, each of which may have different cat-
alytic mechanism and activities, depending on the type of the met-
als and their synergetic effect. Fig. 2a shows the free energy
diagram for typical electrocatalysts of Fe/M,-BACs toward CO
products in CO,RR. Fe/Zn-BAC is theoretically one of the best elec-
trocatalysts among them, with the lowest overpotential (7 = 0.05-
V). In contrast, Fe-SAC (#“° = 0.81 V) and Zn-SAC (5<° = 1.42 V)
have relatively poor catalytic activity in CO,RR to form CO [45].
In addition to Fe/Zn-BAC, Fe/Ni-BAC also have relatively higher cat-
alytic activity (“° = 0.40 V) than corresponding Fe-SAC and Ni-
SAC, which was verified by the experimental results that the Fe/
Ni-BAC has lower onset potential and higher Faradaic efficiency
[27]. Therefore, the BAC-COFs would effectively reduce the over
potential in CO,RR and demonstrate excellent catalytic
performance.

In the prediction of catalytic activities and selectivity of the
BACs, HER must be considered because H, competes with CO via
adverse HER due to its low thermodynamic potential close to CO,-
RR [52]. This side reaction was calculated under the same condi-
tions for CO,RR, and the free energy diagrams for typical Fe/M;-

BAC-COFs are shown in Fig. 2c. Among those catalysts, Co/Cu-
BAC-COFs exhibit the best HER catalytic performance with a negli-
gible energy barrier (42 = 0.05 V) for HER (Fig. S4 and Table S8),
even exceeding the noble catalyst of Pt (52 = 0.10 V) [40].
Similarly, the overpotentials (#° vs n''?) were utilized as an
important reference here to predict the preference of CO,RR and
HER on BAC-COFs. As shown in Fig. 2d, HER-dominated region
(n°° > n"2) includes almost all of the Ti-, Cu-based BACs. About half
of the BAC-COFs, including most of the Fe-, Ni-, Zn-based BAC-
COFs, are located in the CO-dominated regime (1° < #2), in which
the reactions occur in favor of CO,RR to CO. However, in predicting
the selectivity of the BACs using the overpotential criterion, the
value of #"? should be considered as well because a low value of
#"2 implies strong competition from HER. For example, Fe/Zn-
BAC has the lowest CO,RR overpotential (#© = 0.05 V), but its
HER overpotential (112 = 0.2 V) is very close to that of Pt, the best
HER catalyst. Therefore, Fe/Zn-BAC might not be the best catalysts
for CO,RR. In the same CO-dominated regime, Fe/Ni-BAC is pre-
dicted to preferentially promote CO,RR while suppressing HER
due to its relatively high HER overpotential (#? = 0.51 V). This pre-
diction is consistent with the experimental results that the CO is
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(Nt or H, (M™2) as a function of the overpotential of CO (n°) on BAC-COFs.

dominant in Fe/Ni-BAC with high Faradaic efficiency (FE% > 90%)
[27]. Using the similar rule, Fe/Cu- and Ni/Zn-BACs are identified
to be the excellent electrocatalysts with the low overpotential
(~0.25 V) while strongly suppressing side reactions ("2 > 0.5 V).
Actually, most of BAC-COFs locate near the midline, suggesting that
the side main reaction may be accompanied by the side reaction
because their overpotentials are very close. Hence, the difference
in the overpotential of CO,RR (#“°) and HER (#'?) could be used
as a measure to accurately predict the catalytic selectivity of the
catalysts.

2.3. Descriptors and design principles for screening BAC-COFs

It is of interest to develop effective descriptors/design principles
that have predictive power and enable to quickly search for the
best catalysts from the numerous BAC-COFs. As demonstrated
above, overpotential can be used to effectively evaluate the cat-
alytic activity and selectivity. Fig. 3a shows the color-coded dia-
gram of overpotential (#©) for all the BAC-COFs (Table S6).
Overall, the overpotential tends to decrease with increasing the
atomic number of the 3d transition metals. To describe the cat-
alytic activity of the BAC-COFs, we selected the adsorption strength
of *COOH and *CO as descriptors since this adsorption strength
have an indispensable contribution in determining the CO,RR cat-
alytic performance [53]. As show in Fig. 3b, a volcano-shaped rela-
tionship was formed between the overpotential (#°) and bonding

energy of AG-coon - AG-co. Obviously, the Fe/Zn-BAC locates at the
summit of the volcano and emerges as the best CO,RR catalytic
activity (#° = 0.05 V) in the BACs. The Sc/M,-BACs have large over-
potential because their extremely strong adsorption capacity hin-
ders the subsequent reaction and the separation of the final
product. Thermodynamically, most of the BAC-COFs (#° < 0.70 V)
have higher catalytic activity than the noble metal catalyst of Au
[54] (3°° = 0.70 V) and Ag [55] (#° = 0.86 V) (Table S10). The
BAC-COFs are also superior in catalyzing CO,RR over the wide-
spread SACs, e.g., Co-SACs (0.77 V) and Fe-SACs (0.81 V) [45], as
shown in Fig. S6. Therefore, the bonding energy as a descriptor
can be used to predict the CO,RR catalytic performance of different
BACs.

However, the bonding energy is not an ideal principle for
designing CO,RR electrocatalysts because it is not directly corre-
lated with the intrinsic properties of the active center of BACs.
Here, we have proposed a new descriptor, involving the electronic
characteristics (X/electronegativity and W/work function) and geo-
metric configuration (E/cohesive energy), that is, ® = [(Xum1 + Xm2)]-
x [((Wm1 + Wwm)l/[(Em1 + Em2)] (see the details in Supporting
Information), and used it to describe the catalytic activity of BACs.
Fig. 3c and 3d shows the overpotential (#°) or (#"2) of BAC-COFs
in CO,RR as a function of the descriptor (®). The new descriptor
(®) works reasonably well to establish volcanos relationship
between the overpotential and intrinsic properties for both SACs,
and BACs. It seems that the new descriptor also works for Au and
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Ag catalysts although other metals need to be confirmed. As shown
in Fig. 3¢, Fe/Zn-BAC has the highest catalytic activity for CO forma-
tion in Fe/M,-BAC-COFs. Moreover, Fe/Co-BAC (1° = 0.23 V) and
Fe/Ni-BAC (1“° = 0.40 V) are located near the summit of the vol-
cano and may also show high performance in CO,RR. On the other
hand, the Sc/M,-BACs appear at the volcano bottom, shows high
overpotential and relatively poor CO,RR catalytic performance.
The predictive power of the new descriptor stems from its cor-
relation with the inherent properties of bimetal active centers.
Fig. 4 shows the binding energy of the intermediates, *CO,
(AG+co2), *COOH (AG-+coon) and *CO (AG-co), as a function of the
descriptor (®) for Fe/M,-BAC-COFs. For @ < 4.0 (e.g. Fe/Sc-BAC),

the catalysts tend to strongly adsorb the intermediates, while
those catalysts with @ > 4.2 (e.g., Fe/Co-BAC and Fe/Zn-BAC) show
relatively reasonable binding energy. Thus, the geometric and elec-
tronic structures of the active center would be optimized by vary-
ing the composition of the bimetal pair. At certain composition, the
intermediates could achieve a nearly ideal adsorption or desorp-
tion state due to synergetic effect of the bimetals in the active cen-
ters, which would significantly enhance the catalytic activity.
Therefore, the new descriptor (®) is effective to predict the cat-
alytic activities of BAC-COFs for CO,RR.
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3. Discussion

Our calculations predict that BACs have much lower overpoten-
tial, and thus higher catalytic activity and selectivity than SACs, as
illustrated in Fig. 3c. This prediction is supported by the experi-
mental results. We have cited the experimental data reported so
far for SACs [56] and BACs (Table S14). This demonstrates the pre-

b) |.|- -

Bader charge

dictive power of the descriptor for guiding the rational design of
BACs in highly efficient CO, conversion.

Why are the BACs so effective in catalyzing the various chemical
reactions in terms of their activity and selectivity? This may be
attributed to their ability to weaken or break the scaling relations
in the chemical reactions. In fact, catalysts control the rates in
chemical reactions by changing the bonding energy of intermedi-
ates relative to one another. For SACs as an example, *CO, interme-
diate can be readily adsorbed via end-on configuration, in which C
in CO, forms a bond with the metal ion (i.e., C-M bond). The sub-
sequent intermediates of *COOH, *HCOOH and *CO will inherit this
adsorption model to form C-M bond. Since all the intermediates
have the same C-M bond. The adsorption strengths exhibit highly
correlated behavior between different adsorbates (Fig. 5), known
as adsorbate scaling relations: when a catalyst binds one adsorbate
more strongly, it tends to bind similar adsorbates more strongly as
well [57]. Although the relationships are useful for fast screening
for catalyst discovery, the design flexibility in catalysis is largely
limited [58,59]. As shown in Fig. 5, the binding energy of CO in
the last step of CO,RR is highly correlated with that of CO; in the
initial step for SACs except for Sc, Ti, Zn and Cu that have different
adsorption modes. This relationship limits the design space of the
SACs to improve their catalytic activity.

In the BAC-COFs, there are two metal ions available for adsorp-
tion at active centers. The intermediates could form different
bonds with the two metal ions. For example, CO,, COOH, and CO
could adsorb on two different metal ions in end-on or side-on
mode while C and O could bond with different metals, resulting
in a large variety of bonding structures (e.g., C-M1, C-M2, 0-M1,
0-M2, etc.). Compared with SACs that have only two adsorption
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Fig. 6. (a) The Bader charge on Fe/Zn-BAC-COFs, the black, blue, green, yellow and pink color balls represent C, N, H, Fe, Zn, respectively; (b) The Bader charge as a function of
descriptor (®) for typical electrocatalysts of Fe/M,-BAC-COFs; (c-e) The charge transfer distribution on Fe/Zn-BAC/COFs with critical intermediates of *CO,, *COOH and *CO.
The blue and yellow colors indicate the positive and negative values of electron quantities, respectively. The isosurface value is set to 0.0036 e/Bohr>.
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modes [45], there are nine reaction mechanisms for BACs toward
CO (Fig. 1c), which facilitate intermediates to achieve the ideal
state and thus improve the catalytic activity of CO,RR. Therefore,
the scaling relationship between the energy of these intermediate
adsorbents is significantly weaken or broken in BAC-COFs due to
the different adsorption modes between CO, and CO, as shown in
Fig. 5. In addition, the bimetal catalytic sites provide flexible coor-
dination environments of intermediates in the reaction to optimize
the adsorption energy of individual intermediates.

The intrinsic descriptor (@) that we proposed performs well in
establishing volcano relationships associated with the overpoten-
tials (n°), a measure of catalytic activities, from which the desir-
able catalysts are expediently predicted. This provides an effective
design principle for guiding the experiments to synthesize the
electrocatalysts with high catalytic activity and product selectivity.
To reveal the catalytic mechanism and explain the superior cat-
alytic activity of BACs, we further simulated the charge redistribu-
tion on BAC-COFs. Figs. 6a and S8 show the charge distributions on
Fe/M,-BAC-COFs with positive charge on metals (+0.6e to +1.1e),
and negative charge on nitrogen (—1.2e to —1.3e). The values of
Bader charge of Fe/M,-BAC-COFs are listed in Table S12. The
amount of charges on metals is approximately linearly propor-
tional to the descriptor (®) (Fig. 6b). Hence, the descriptor (®) is
closely related to the charge state of metal centers. The charges
on metals will strongly affect the bonding strength of intermedi-
ates on CO,RR (Fig. S7). For example, for Fe/Sc, the bonding energy
of *CO, intermediate (AG;) is too strong for the metal ions with
relatively high positive charge, as shown in Fig. 6¢c—e. The over-
strong bonding on intermediates will hinder the further reactions
and the product desorption, which results in a large overpotential
(N), and consequently poor catalytic activity. As the amount of
the positive charge decreases (e.g., Fe/Co, Fe/Zn), the bonding grad-
ually weakens and finally reaches the ideal state, which leads to
the enhanced catalytic performance.

The density of state (DOS) of BAC-COFs was also analyzed to
explore more details about the CO,RR catalytic performance. It is
well known that the electronic states of the metal atoms will split
into two-hybrid energy levels, including bonding orbital or anti-
bonding orbital, the former being the electronic state normally
occupied under the Fermi level and the latter being occupied above
the Fermi Level [60]. According to previous reports [40], the lower
the d-band center (&4) position of the electrocatalysts, the higher
the occupancy of the anti-bonding state will occur, which weakens
the adsorption strength between the adsorbed and electrocatalyst
surface. Fig. 7a shows the d-band center and binding energy as a
function of the descriptor. For Fe/Sc- and Fe/Ti-BACs, there is a rel-

atively high d-band center (g4) (Table S13), indicating that most of
electronic states are likely to be distributed in the bonding orbitals,
causing a stronger bonding energy of the intermediates. In con-
trast, Fe/Ni-, Fe/Cu-, Fe/Zn-BACs have a relatively low d-band cen-
ter (€4), and more electronic states are distributed in anti-bonding
orbitals, which reduces the binding energy. Thus, the Fe/Co, and Fe/
Zn-BACs have relatively highly CO, catalytic performance. More-
over, the density of state (DOS) and local density of state (LDOS)
of BAC-COFs provide some complementary details about the cat-
alytic activity. Figs. 7b and S9 show the TDOS and LDOS of Fe/
M,-BAC-COFs and other BAC-COFs, respectively. Among the BAC-
COFs, the LDOS peaks of the metals in Fe/Zn-BACs approach to
the Fermi level (Fig. 7b), making it easy for electrons to donate to
CO, and intermediates and consequently the catalyst exhibits a
highly CO, catalytic performance.

4. Conclusion

In summary, we have designed a class of bimetallic-atoms elec-
trocatalysts with highly catalytic performance for CO,RR. The
CORR reaction pathways, free energy, overpotential, and other
related properties were calculated with the DFT methods. A new
intrinsic descriptor was proposed to establish the volcano-shaped
relationships correlating the bimetal active centers with the cat-
alytic activities, from which the best catalytic performance of the
catalysts can be predicted. Fe/Cu-and Ni/Zn-BAC-COFs could be
among excellent BAC-COF electrocatalysts with the low overpoten-
tial (~0.25V) while suppressing HER side reactions. Most of BAC-
COFs have a higher catalytic activity than noble metals electrocat-
alysts (e.g., Au and Ag), and also exceeding SACs (e.g., Fe-SAC, Co-
SAC). This prediction is consistent with the experimental results
that Fe/Ni-BAC anchored on graphene shows a lower onset poten-
tial and higher Faraday efficiency for CO,RR than corresponding Fe-
SACs and Ni-SACs [27]. The bimetallic catalytic sites can break the
limitations of scaling relation to significantly improve the catalytic
activity. It is expected that this class of electrocatalysts with
bimetallic catalytic sites will provide a new route for discovering
high-performance electrocatalysts for energy conversion, and the
descriptor proposed in this work will enrich the design principles
for guiding the rational design of electrocatalysts for boarder
applications.

5. Computation methods

A series of models were developed to simulate CO, conversion
on BACs with “M;/M,-Ng” units containing 3d transition metals
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(M; and M, = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn). The DFT cal-
culations were performed by using the Vienna Ab initio Simulation
Package (VASP) code [61,62] with the Hubbard U (DFT + U) correc-
tions [36] (Table S1). The project-augmented wave generalized
gradient approximation (PAW-GGA) pseudopotentials were
adopted to describe the electron-ion interaction, and the
Perdew-Burke-Ernzerhof (GGA-PBE) functional was utilized to cal-
culate the exchange-correlation energy [63,64]. Spin-polarization
was considered in all calculations. Wave functions were expanded
using a plane-wave basis set with kinetic energy cutoff of 550 eV
and the geometries were fully relaxed until the residual force con-
vergence value on each atom being less 0.01 eV/A. The Brillouin
zone was sampled by 3 x 3 x 1 Gamma k-point mesh for structural
optimization and 5 x 5 x 1 for calculation of the density of state
(DOS). A vacuum spacing of at least 20 A in z-direction perpendic-
ular was employed to avert the artificial interactions between the
periodically repeated images. The above parameters have been
optimized until the energy change is negligible. The free energies
are converted from the calculated energies by adding appropriate
corrections. More details about computational methods, bonding
energy and related parameters are described in Supporting
Information.

For commercial noble electrocatalysts of Ag (211), and Au (211)
were also calculated their catalytic activity of CO,RR. We used a p
(4 x 4) unit cell of Ag (211), and Au (211). All of them have four
layers in their slab. Geometric optimizations for those noble elec-
trocatalysts were performed by using 3 x 3 x 1 Gamma k-point
mesh.
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