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The electrochemical reduction of CO, offers an elegant solution to the current energy crisis and carbon
emission issues, but the catalytic efficiency for CO, reduction is seriously restricted by the inherent
scaling relations between the adsorption energies of intermediates. Herein, by combining the concept of
single-atom catalysts and multiple active sites, we design heteronuclear dual-atom catalysts to break
through the stubborn restriction of scaling relations on catalytic activity. Twenty-one kinds of
heteronuclear transition-metal dimers are embedded in monolayer C;N as potential dual-atom catalysts.
First-principles calculations reveal that by adjusting the components of dimers, the two metal atoms play
the role of carbon adsorption sites and oxygen adsorption sites respectively, which results in the
decoupling of adsorption energies of key intermediates. Free energy profiles demonstrate that CO, can
be efficiently reduced to CH4 on CuCr/C,N and CuMn/C,N with low limiting potentials of —0.37 V and
—0.32 V, respectively. This study suggests that the introduction of multiple active sites into porous two-
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Introduction

Single-atom catalysts (SACs), providing the maximum utiliza-
tion of active atoms, have been unleashing their powerful
potential in heterogeneous catalysis.'” Great progress has been
made in developing SACs for one-intermediate electrochemical
reactions, i.e. the hydrogen evolution reaction.*” Recently, the
electrochemical applications of SACs have been generalized
toward multi-intermediate electrochemical reactions, such as
the oxygen reduction reaction (ORR),**® CO, reduction reaction
(CO,RR),"** and N, reduction reaction (NRR)."**® However, any
ambition to achieve optimal catalytic activity for multi-inter-
mediate reactions by SACs seems to be in vain. As is well known,
the essence of optimizing the catalytic activity is to adjust the
adsorption strength of the reaction intermediates to the surface
of the catalysts."”*® For SACs with only one type of isolated active
site, it is easy to adjust the binding strength of a single inter-
mediate for one-intermediate reactions, but the binding
strength optimization of all intermediates at the same time for
multi-intermediate reactions is almost impossible. There are
even linear scaling relations between the adsorption strength of
reaction intermediates.”?* As a fundamental issue for both
traditional metal catalysts and emerging SACs, scaling relations
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multi-intermediate electrocatalytic reactions.

limit the catalytic activity by forbidding the adsorption energy of
a certain intermediate from being freely tuned.

Toward the electrocatalytic CO,RR, it is difficult to attain
a low overpotential because of the adsorbate (particularly,
*COOH, *CO and *CHO) scaling relations.>**> For example, on
Cu electrodes, the hydrogenation of *CO is the potential
determining step of the reaction pathway toward CH, with the
highest free energy change.”® Although the hydrogenation of
*CO to *COH or *CHO is determined by the electrode surface
structure, electrode potential, level of acid or alkali, etc.,>** the
common strategy to reduce the free energy change of this step is
to strengthen the binding strength of *CHO (or *COH) and
weaken the binding strength of *CO. However, according to the
scaling relations, the enhancement of *CO adsorption is always
accompanied by stronger binding of *CHO (or *COH). These
scaling relations suggest that the rate-determining step always
requires a high limiting potential.**-** By breaking the above
scaling relations, the optimal conversion of CO, with the lowest
limiting potential can be achieved by tuning the free energy
change of each elementary reaction to minimum.*>* Some
advances have been made through introducing p states,*>*
reducing metal coordination numbers,*** tethering active
ligands,**° alloying metal catalysts,*”*® and designing dual
functional sites.*

Should the SACs be subject to the isolated single-atom active
site and be powerless against the scaling relations in multi-
intermediate reactions (such as the electrocatalytic CO,RR)?
Taking inspiration from bimetallic alloy catalysts, two metal
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species can provide C-affinity and O-affinity sites that
strengthen the binding of *COOH or *CHO while hardly
affecting that of *CO. Herein, extending the dual-site strategy to
single-atom catalysts, we show that by employing heteronuclear
transition-metal dimers embedded in monolayer C,N as dual
active centers, the binding energies of the key reduction inter-
mediates are completely decoupled so that the limitation of
overpotential no longer exists. The two different metal atoms
act as *C binding sites and *O binding sites, respectively,
resulting in a deviation from transition-metal scaling relations.
By evaluating the stability, activity and selectivity, CuCr/C,N and
CuMn/C,N are selected out from the 21 concept catalysts as very
promising catalysts for the electrochemical reduction of CO,.

Results and discussion

Monolayer C,N has been recently synthesized as a newcomer in
the two-dimensional atomic-layered material family.*® The
stable porous structure of monolayer C,N with abundant and
uniform pyridine-like nitrogen provides high-density anchoring
sites for SACs.* Particularly, the 0.83 nm sized holes terminated
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by sp®>bonded nitrogen atoms provide the conditions for
anchoring two transition-metal atoms, which offers the oppor-
tunity for construction of multiple active sites.*>** Alloying
different metal species is a general strategy to achieve multiple
active sites tuning the binding strength of the targeted inter-
mediates.**** With regard to the CO,RR, in order to reduce the
high free energy change of the potential determining step
(Fig. 1a), additional O-binding sites are required to stabilize the
oxygen-containing intermediates. Considering the size of holes
in monolayer C,N and the differences in C-affinity and O-
affinity of the metal atoms, 21 kinds of dual-atom catalysts (two
of Cr, Mn, Fe, Co, Ni, Cu and Ag are combined into hetero-
nuclear dimers, i.e. AgCu, AgNi, AgCo, AgFe, AgMn, AgCr, CuNi,
CuCo, CuFe, CuMn, CuCr, NiCo, NiFe, NiMn, NiCr, CoFe,
CoMn, CoCr, FeMn, FeCr and MnCr) are embedded in mono-
layer C,N and anchored by N-coordination sites of cavities
(Fig. 1b). Construction of dual active sites is expected to break
the traditional scaling relations and achieve dramatic reduction
in the limiting potential (Fig. 1c).

Generally, the potential-limiting step of CO, reduction is the
hydrogenation of *COOH to *CO or the hydrogenation of *CO to
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(a) Schematic illustration of the high free energy change caused by the scaling relations between *CO and *CHO. (b) Design concept of

monolayer C,N supported heteronuclear transition-metal dimers to reduce the free energy change by stabilizing *CHO. (c) Simplified schematic
of decoupling the scaling relations between adsorption energies of *CHO and *CO to achieve low limiting potential. Relationship between
binding energies (d) E,(CHO) and E(CO), (e) E,(COOH) and E,(CO) of the C,N supported metal dimers and transition-metal surface. (f) Rela-
tionship between binding energies E,,(CHO) and E,(CO) of the C,N supported CuCu and CuMn dimers. Insets show the adsorption configuration
and partial density of states. The linear scaling relations between adsorbates are generated using calculated Ni, Cu, Ag, Pd, Au, Pt and Rh data.??
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*CHO, so the overall catalytic efficiency is determined by the
binding energies of *COOH (E,(COOH)), *CO (E,(CO)), and
*CHO (E,(CHO)).>*** Therefore, we first study *CHO, *COOH and
*CO adsorption on C,N-supported metal dimers. The detailed
adsorption configurations are shown in Fig. S1 in the ESL{ As
shown in Fig. 1d and e, the scaling relations of the heteronuclear
metal dimers are totally different from those of pure metal
surfaces. Some of the metal dimers (CuMn, CuCr, FeCr and
MnCr) with small differences between E,(CHO) and E(CO) or
Ep(COOH) and E,(CO) approach the desired low overpotential
region. An analysis of the underlying electronic structures can
help us understand the advantage of heteronuclear dimers. As
shown in Fig. 1f, the E;,(CO) of the homonuclear CuCu dimer is
close to that of the heteronuclear CuMn dimer, but the E,(CHO)
of the CuMn dimer is more negative than that of the CuCu dimer.
Although the adsorption configurations of *CHO on the CuCu
dimer and CuMn dimer are similar, the calculated partial density
of states (PDOS) shows obviously different hybridization of O-2p
states and metal-3d states (Cu-3d and Mn-3d, Fig. 1f, for more
details see Fig. S3 in the ESIt). The more apparent hybridization
on CuMn/C,N indicates that the very negative value of E,(CHO)
stems from the strong binding strength of the O-Mn bond. The
adsorption of *COOH on the CuMn dimer also shows the strong
hybridization of O-2p states and Mn-3d states (Fig. S3 in the
ESIt). The two heteronuclear metal atoms act as the *C binding
sites and *O binding sites, respectively, thus “pulling” the
adsorption relations out of the traditional region. Hence, the
C,N-supported CuMn, CuCr, FeCr and MnCr dimers are prom-
ising candidates to reduce the overpotential and improve selec-
tivity toward deep reduction products.

Stability is another crucial property to select the catalysts. To
assess the stability of C,N-supported metal dimers, we calculate
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the energy difference (AE},) between the adsorption energy (Ey)
of metal dimers on C,N and the cohesive energy (E.on) of metal
atoms in their crystals (Econ), AEL, = Ep — Econ. The small value of
AE, means that the uniform distribution of metal dimers
embedded in C,N is energetically more favorable than forming
the metal bulk. Therefore, the issue that isolated metal dimers
aggregate into clusters will not exist in the four promising
candidates (i.e. C,N-supported CuMn, CuCr, FeCr and MnCr
dimers) with small AE,, (Fig. 2a). The dissolution potentials are
calculated to evaluate the electrochemical stability (Fig. S4a in
the ESIt). As the applied overpotential to drive the CO,RR is very
negative, almost all metal dimers on C,N could be stable under
electrochemical conditions. The particularly positive dissolu-
tion potentials of CuCr/C,N and FeCr/C,N indicate that the
dissolution of metal atoms can be completely avoided. The
stabilities of these four candidates are further evaluated by
performing ab initio molecular dynamics (AIMD) simulations.
As shown in Fig. 2b to d, the structures are maintained well,
suggesting that they can tolerate the thermal conditions of the
CO,RR. Moreover, in acidic aqueous solution, the structures of
the four candidates are still maintained, showing strong
dissolution resistance (Fig. S4b in the ESIt). The good dis-
persibility and stability result from the strong covalent bonds
between metal dimers and C,N, which can be verified by the
difference of charge densities of M;M,/C,N. As clearly seen in
Fig. S5 in the ESI, T the electron transfers from the metal dimers
to the neighboring pyridinic nitrogen atoms, and the Bader
charge analysis suggests that the metal dimers are positively
charged by about 1.5¢e loss, indicating the formation of strongly
polarized covalent bonds.

The activation of CO, onto the surface of the catalysts is
always the first step of the electrocatalytic CO, reduction. CO,
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Fig. 2

(a) Energy difference between adsorption energy of TM atoms on C,N and the cohesive energy of TM atoms. Energy fluctuations of (b)

CuCr/CyN, (c) CuMn/C;N, (d) FeCr/C;,N, and (e) MnCr/C,N against the time in AIMD simulations at 400 K. Insets show snapshots of the atomic
configuration and charge density difference. Charge depletion and accumulation are displayed in cyan and yellow, respectively.
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can be activated by electron injection into the antibonding 2,
orbitals and the activation is always accompanied by the
decrease of the O-C-O bond angle.*® Fig. 3a illustrates the
structures of CO, adsorbed M;M,/C,N (M;M, = CuCr, CuMn,
FeCr, and MnCr). The binding strength between CO, and M;M,/
C,N is very strong with adsorption energies of —1.12, —0.94,
—0.91 and —1.18 eV for CuCr/C,N, CuMn/C,N, MnCr/C,N and
FeCr/C,N, respectively. The bond angle of adsorbed CO, is
significantly reduced by about 50°. The charge density differ-
ence of M;M,/C,N with the adsorption of CO, is shown in
Fig. 3a. Significant charge transfer between the anchored metal
dimers and CO, can be observed. All these demonstrate that
CO, molecules can be activated by metal dimers embedded in
C,N.

In the process of electrochemical CO, reduction in aqueous
solution, hydrogen evolution is always competitive with CO,
reduction.”” The selectivity between CO, reduction and
hydrogen evolution is evaluated by calculating the free energy
change of the first hydrogenation step.*® Typically, for CO,

E,q = -0.94eV E,q = -0.91eV

Fig. 3
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reduction and hydrogen evolution, the intermediates of the first
hydrogenation step are *COOH (or *OCHO) and *H, respec-
tively. The free energy changes of the formation of *COOH (or
*OCHO) (AG(*COOH)/AG(*OCHO)) and *H (AG(*H)) for CuCr/
C,N, CuMn/C,N, FeCr/C,N, and MnCr/C,N are shown in Fig. 3b.
Based on Brgnsted-Evans-Polanyi (BEP) relations,* the small
reaction free energy change is always accompanied by a low
reaction barrier. Thus, for all four candidates, as the free energy
changes of the formation of *COOH are smaller than those of
*H, CO, reduction is favorable in the competition with
hydrogen evolution.

To further illustrate that breaking scaling relations is an
effective approach to lower the limiting potential, we assess the
catalytic performance of M;M,/C,N (M;M, = CuCr, CuMn,
FeCr, and MnCr) for the CO,RR by calculating the free energy
profiles of the entire pathways toward C1 products, namely, CO,
HCOOH, HCHO, CH;0H, and CH,. The reaction pathways of
the four candidates are the same (Fig. 4a). The detailed free
energy diagrams are shown in Fig. S6 in the ESL{ The

b 1.0

D 0AG(*COOH)

2 O AG(*OCHO)

T o5t

8 HER Selective .-~

5

Z 0or )

S :

S o
P o

g 05 o

] 60 .

< - CO,RR Selective

10 .

05 00 05 1.0
AG(*H) (eV)

E,q = -1.18eV

(a) Side and top views of the charge density difference for CO, adsorbed on M;M,/C,N (M;M, = CuCr, CuMn, FeCr, and MnCr). Charge

depletion and accumulation are displayed in cyan and yellow, respectively. (b) Comparison between hydrogen adsorption free energy AG(*H)
and carbon dioxide hydrogenation free energy AG(*COOH)/AG(*OCHO).

a HQ HO-CH |
c-0 1Oy M=M + F H,C-OH
Q MM s MM He e
\ o *HCOOH HO-Q M-M
c-0 + M-M e H.C-0 H* CH,OH 2
;I v H (o] *CHO 27 M=-M +CH.,OH
e e ¢ H* M-M “e7| cH, H*
c0; HC-0 Mo +H,0 ——>| *OCH, 3 —
1 ~ € OH (o) e (o)
fo) *Co i 17\ /1~\ +CH,
A = C HP—O‘H M-M M-M
M-M M-M + I\III-I\)I M=M *OCH,4 *0
*OCHO M-M + *COH *CHOH
b
> a2k |~ co HCOOH HCHO % CH,0H B CH, |
S
T
g 08}
]
o
= .
£ 04} :
-l
0.0 |
Cu-Cr Cu-Mn Fe-Cr Mn-Cr

Fig. 4

(a) Schematic depiction of the CO, reduction pathways toward a variety of C1 products (CO, HCOOH, HCHO, CH3zOH and CH,4) on MM,/

C,N (MM, = CuCr, CuMn, FeCr, and MnCr). (b) Thermodynamic limiting potentials toward C1 products (CO, HCOOH, HCHO, CHzOH and CHy)

on CuCr/C,N, CuMn/C,N, FeCr/C,N, and MnCr/C,N.
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production of CO occurs through the path CO, — *COOH —
CO. However, desorption of CO is found to be difficult because
of the strong adsorption. In the reaction pathway to HCOOH,
CO, is hydrogenated by a proton-electron pair forming *COOH,
and then a second proton-electron pair transfers to *COOH,
generating HCOOH. The rate limiting step is the desorption of
HCOOH. The key step in the formation of deep reduction
products (HCHO, CH3;OH and CH,) with more than 2e~
reduction is the hydrogenation of the *CO to form *CHO.
However, due to the breaking of *CO-*CHO scaling relations,
the hydrogenation of *CO is not always the rate limiting step.
For FeCr/C,N and MnCr/C,N, the hydrogenation of *CO is very
easy with a free energy increase close to 0 eV, but the excessive
binding strength between the intermediates and metal dimers
leads to higher potentials for the desorption of products.

The thermodynamic limiting potentials toward C1 products,
including CO, HCOOH, HCHO, CH;0OH and CH,, are summa-
rized in Fig. 4b. The CuCr and CuMn dimers exhibit much lower
required potential toward CH, and higher potential toward
other C1 productions, indicating higher efficiency and selec-
tivity in generating CH,. The limiting potential toward all C1
products on the FeCr dimer is relatively high. Meanwhile, the
MnCr dimer shows significantly low limiting potential toward
all C1 products, but the similar limiting potentials toward
different products suggest bad selectivity. The competition
between the HER and CO,RR is further analyzed using the
difference in the limiting potentials for CO, reduction and H,
evolution, U (CO,) — Ui(H,). The higher the Ur(CO,) — U(H,)
difference, the higher the selectivity for CO, reduction over H,
evolution.”® The plot of Uy (CO,) — Ui(H,) for M;M,/C,N is
shown in Fig. S7 in the ESL.¥ The CuCr, CuMn and MnCr dimers
with higher U;(CO,) — Ui(H,) show more selectivity for the
CO,RR against the HER. These findings suggest that CuCr/C,N
and CuMn/C,N are the most selective and active among all
candidates.

This journal is © The Royal Society of Chemistry 2020

The detailed free energy diagrams for the reduction of CO, to
CH, on CuCr/C,N and CuMn/C,N are shown in Fig. 5. Because
the bimetallic active centers break the *CO-*CHO scaling
relation significantly, the free energies are uphill by 0.37 eV
(CuCr/C,N) and 0.32 eV (CuMn/C,N), respectively. This step is
the potential-limiting step and the corresponding over-
potentials are only 0.54 V (CuCr/C,N) and 0.49 V (CuMn/C,N),
which are much lower than those of pure transition-metal
surfaces (such as the Cu surface with a theoretical overpotential
of 0.91 V).** In the subsequent elementary reactions, *CHO is
hydrogenated forming *OCH, (*CHO + H' + e~ — *OCH,).
Then, in the reaction,*OCH, + H" + e~ — *OCHS;, the C atom
becomes saturated and the C-Cu bond is dissociated with the O
atom directly adsorbed at the bridge site of the metal dimer.
The next proton-electron transfer results in the dissociation of
the C-O bond and production of CH,. The introduction of CuCr
and CuMn dimer dual sites successfully lowers the free energy
change (AG) of *CO hydrogenation without increasing the AG of
other elementary reactions. Therefore, finding the scaling
relations between the key intermediates and designing multiple
active sites for breaking the scaling relations could be
a universal strategy for catalyst development.

Conclusion

To summarize, we have proposed the concept of dual-atom
catalysts by extending a dual-site strategy to single-atom catal-
ysis to achieve highly efficient CO, reduction. The idea is to
utilize the differences in carbophilicity and oxophilicity of metal
atoms to form oxophilic and carbophilic dual active sites,
respectively. By embedding heteronuclear transition-metal
dimers into porous monolayer C,N, the dual-atom sites lead to
significant deviations from linear scaling relations. Through
prescreening M;M,/C,N based on the analysis of adsorption
relations of key intermediates, four of the stable candidates are
selected for electrocatalytic CO, reduction and CuCr/C,N and
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CuMn/C,N exhibit the best performance with very low limiting
potentials (—0.37 V and —0.32 V, respectively) toward deeply
reduced CH, production. The design of multiple active centers
composed of different single atoms could also be applied to
other multi-intermediate electrocatalytic reactions, such as the
nitrogen reduction reaction and oxygen reduction/evolution
reactions. Although the precise control of multiple active
centers is more challenging than that of SACs, some progress
has been made, such as N-doped carbon supported Fe-Co dual
sites,*® Ni-Fe dual sites,” and Co-Pt dual sites.”” Our study
sheds light on the rational design of multiple active sites
composed of SACs for multi-intermediate electrochemical
reactions.

Methods

All density functional theory calculations were carried out using
the Vienna Ab initio simulation package (VASP)**** with the
spin-polarized Perdew-Burke-Ernzerhof (PBE)* exchange-
correlation functional used. In structural relaxation, the total
energy and the force on each relaxed atom were converged to
10 * eV and 0.02 eV A, respectively. The cut-off energy was 400
eV. The density functional dispersion correction, DFT-D3, was
used to describe the van der Waals interactions.”® In the stan-
dard molecular dynamics simulations, the temperature was
controlled at 400 K using the Nose-Hoover thermostat
approach. Partial charges of the adsorbed metal dimer were
calculated using Bader charge analysis.”” The computational
hydrogen electrode model®®*® was used to calculate Gibbs free
energy change (AG) for each elemental step. The limiting
potential (Up), Uy = —AGmax/e, where AGp,y is the maximum
free energy change among all elementary steps. The theoretical
overpotential (n) was the difference between the equilibrium
potential (U,) and limiting potential, n = U, — U;. Further
calculation details are given in the ESL{
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