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Breaking Scaling Relations for Highly Efficient
Electroreduction of CO, to CO on Atomically Dispersed
Heteronuclear Dual-Atom Catalyst

Song Lu, Michal Mazur,* Kun Guo, Dragos Constantin Stoian, Minfen Gu,

Wakshum Mekonnen Tucho, and Zhixin Yu*

Conversion of CO, into value-added products by electrocatalysis provides a
promising way to mitigate energy and environmental problems. However, it is
greatly limited by the scaling relationship between the adsorption strength of
intermediates. Herein, Mn and Ni single-atom catalysts, homonuclear
dual-atom catalysts (DACs), and heteronuclear DACs are synthesized.
Aberration-corrected annular dark-field scanning transmission electron
microscopy (ADF-STEM) and X-ray absorption spectroscopy characterization
uncovered the existence of the Mn—Ni pair in Mn—Ni DAC. X-ray
photoelectron spectroscopy and X-ray absorption near-edge spectroscopy
reveal that Mn donated electrons to Ni atoms in Mn—Ni DAC. Consequently,
Mn—Ni DAC displays the highest CO Faradaic efficiency of 98.7% at —0.7 V
versus reversible hydrogen electrode (vs RHE) with CO partial current density
of 16.8 mA cm~2. Density functional theory calculations disclose that the
scaling relationship between the binding strength of intermediates is broken,
resulting in superior performance for ECR to CO over Mn—Ni—NC catalyst.

1. Introduction

Electrochemical CO, reduction reaction (ECR) driven by green
electricity is one of the most promising ways to achieve carbon

neutrality and sustainable development.[']

Among possible reaction pathways, ECR
to CO through two proton—electron pairs
transfer is one of the most practical tar-
gets due to high selectivity and mild re-
action condition.*] Moreover, CO is a
key feedstock for a number of industrial
processes to produce various fuels and
chemicals.[®”] Despite substantial efforts,
this process is still limited by a high en-
ergy barrier for CO, activation, sluggish re-
action kinetics, and inevitable competitive
hydrogen evolution reaction (HER).510

In the past decade, there has been
widespread research on single-atom cat-
alysts (SACs) for electrocatalysis, owing
to their high atom-utilization efficiency,
unique electronic properties, and well-
defined active sites.[''1] Especially, atom-
ically dispersed transition metals embed-
ded in nitrogen-doped carbon (TM—N—C)
have demonstrated good activity for ECR to
CO."7"Y%1 However, the single active center makes it difficult to
break the constraint of scaling relationship between the adsorp-
tion energies of intermediates due to the complicated multiple
proton-coupled electron transfer. The overall reaction process for
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CO generation includes I) CO, + (H* + e”) — *COOH, II)
*COOH + (H* + e~) = *CO + H,0, and I11) CO* — CO + *,12021]
It has been reported that Ni and Cu SACs generally exhibit ex-
cellent CO desorption properties and suppress HER but suffer
from the slow *COOH formation step.!?223] In contrast, Fe and
Co SACs have a low energy barrier for the first proton-coupled
electron transfer step, but *CO desorption can be difficult due
to the strong affinity of CO to Fe and Co.[?*?5] Therefore, the
performance of ECR to CO on these SACs is restricted by the
binding of *COOH and *CO that are either too weak or too
strong. It is well known that the geometric and electronic struc-
tures of the active sites are closely correlated with the catalytic
performance.[?*2% Thus, regulating the structural and electronic
properties of the SAC active center is a potential strategy to tune
the binding strength between the reaction intermediates and the
metal active center to achieve high ECR to CO activity.

Constructing heteronuclear dimer sites to form dual-atom cat-
alysts (DACs) is an efficient way to modify the coordination en-
vironment and the electronic properties of the SAC active cen-
ters. For instance, heteronuclear DACs such as Fe—Ni, Ni—Cu,
Zn—Ni, and Co—Cu DACs anchored on nitrogenated carbon ex-
hibited superior activity for ECR to CO due to the lower energy
barrier for the formation of *COOH and desorption of *C0.[30-33]
In another study, Mn—Ni dual-atoms have been reported to mod-
ify the electronic structure of Ni active center, which could tune
the binding strength of intermediates and facilitate oxygen evolu-
tion reaction (OER).**] Very recently, ECR to CO was attempted
on homonuclear DACs, including Ni—Ni and Mn—Mn, Pd—Pd,
and Zn—Zn, among which Ni—Ni exhibited Faradaic efficiency
for CO generation (FE(.) 0of 99%.1°] In situ characterization com-
bined with theoretical calculation revealed that Ni dual-atom sites
could promote *OH adsorption, which trigged electron accumu-
lation at the active centers. As a result, the kinetic barriers of
*COOH and *CO desorption were reduced.

Among 3d transition metal-based SACs, Mn SACs displayed
weak *CO desorption capability, resulting in low activity for ECR
to CO.3%1 Meanwhile, the Mn—Ni DAC has demonstrated great
performance in OER because of Mn tuning the electron structure
of Ni atom.[** Therefore, it is intriguing to explore the structural
transformation from SAC to DAC during ECR and the function
of the dual atom pairs. This could be achieved by performing a
systematic study on SACs, homonuclear DACs, and heteronu-
clear DACs for a specific catalyst system, and the transition of
the active sites.

In this work, Ni SAC (Ni—NC), Mn SAC (Mn—NC), Ni—Ni
DAC (Ni—Ni-NC), Mn—Mn DAC (Mn—Mn-NC), and Mn—Ni
DAC (Mn—Ni-NC) were synthesized by a facile method. The cat-
alyst with Mn—Ni atom pair exhibited outstanding catalytic ac-
tivity and selectivity, achieving a maximum FE, of 98.7% at the
potential of —0.7 V (vs RHE) with a CO partial current density
of 16.8 mA cm~2, outperforming the homonuclear Ni-Ni DACs
and Ni SACs. It also shows excellent stability in the long-time
durability test. Aberration-corrected annular dark-field scanning
transmission electron microscopy (ADF-STEM) demonstrated
the presence of dual-atom pairs in the DACs. Extended X-ray ab-
sorption fine structure (EXAFS) characterization uncovered that
nonbridged (metal-metal) N, is the most possible coordination in
DACs. X-ray photoelectron spectroscopy (XPS) and X-ray absorp-
tion near-edge spectroscopy (XANES) confirmed electron trans-
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fer from Mn to Ni atom in Mn—Ni DAC. Density functional the-
ory (DFT) calculations uncovered the structural evolution of ac-
tive sites for different intermediates, in which Mn atom could
selectively bond with intermediates during the ECR to CO. Mn
and Ni atoms work synergistically for *COOH formation, which
is not possible for the SACs. Then Ni atom works as the sole
adsorption site for *CO adsorption, which is not observed for
the Mn—Mn and Ni—Ni homonuclear DACs. Therefore, for the
first time, we disclosed that the highly efficient ECR to CO on
heteronuclear DACs is attributed to the electron interaction of
Mn—Ni atom pair, which could break the scaling relationship of
adsorption energies of intermediates.

2. Results and Discussion

2.1. Electrocatalysts Characterization

Mn—NC, Ni—NC, Mn—Mn—NC, Ni—Ni—NC, and Mn—Ni-NC
catalysts were prepared by facile ion-adsorption and pyrolysis
treatment. Homonuclear DACs were synthesized through co-
pyrolysis of metal salts and chelating agent complexes adsorbed
on carbon carrier mixed with N sources under 800 °C. Mn** and
Ni?* were selected as metal precursors. Carbon black was em-
ployed as a carbon substrate due to its low cost and excellent con-
ductivity. Citric acid and dicyandiamide acted as chelating agents
and N sources. Heteronuclear DACs and SACs were fabricated
through a similar procedure but with the addition of an ammonia
solution in the first step. The formation mechanism of homonu-
clear DACs has been reported recently, in which Ni atoms were
captured by the double vacancies of the carbon framework during
pyrolysis.[*]

The crystal structures of the five catalysts were verified by pow-
der X-ray diffraction (XRD) and Raman spectroscopy analyses.
As shown in Figure Sla (Supporting Information), the five cata-
lysts all present the same diffraction patterns. Two characteristic
peaks located ~24.9° and 43.3° can be assigned to the (002) and
(001) planes of graphite with low crystallinity. Besides, no peaks
attributable to metal or metallic compounds are identifiable, in-
dicating that the metal atoms are possibly dispersed atomically
in the carbon matrix.

Figure S1b (Supporting Information) presents the Raman
spectroscopy of the five electrocatalysts, which exhibit two vi-
brational bands of graphite at ~1343 cm™ (D band) and
1594 cm™! (G band), corresponding to the defect and graphitic
sp*-hybridized carbon.?’38] The ratios between the D and G
bands of the catalysts range from 1.03 to 1.09, suggesting a sim-
ilar graphitization degree and the presence of defects such as va-
cancies, edges, and nonhexagonal rings.[3%4]

The textural properties of the electrocatalysts were investi-
gated by N, physisorption analyses. As illustrated in Figure S2
(Supporting Information), the isotherms of the five catalysts ex-
hibited sharp adsorption under relative pressures higher than
0.40 accompanied by an obvious hysteresis loop, which can be at-
tributed to the dominant mesopores and is further confirmed by
the pore size distributions. The Brunauer-Emmett-Teller (BET)
surface area of Mn—NC, Ni—NC, Mn—Mn—NC, Ni—Ni—NC, and
Mn—Ni—NC catalysts are 890, 987, 854, 964, and 935 m?* g, re-
spectively (Table S1, Supporting Information). The average pore
diameters are also very close at ~4.9 nm, while the pore volumes
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Figure 1. a) TEM, b) HRTEM, and c) ADF-STEM of Mn—Ni—NC, where Mn—Ni atom pair is highlighted in red rectangles, and the histogram shows
the proportion of different distances; d) the intensity profile of distance between Mn and Ni atoms; e-i) C, N, Mn, and Ni EDX mapping images of

Mn—Ni—NC catalyst.

vary very narrowly from 1.02 to 1.11 cm? g~'. Therefore, all cat-
alysts exhibit large BET surface area and abundant mesopores,
which are beneficial for mass transfer and accessible active sites.
It is worth emphasizing that the differences in structure proper-
ties of the five catalysts are insignificant, implying that the per-
formance of ECR to CO over the five electrocatalysts can be ex-
clusively ascribed to the intrinsic activities of the catalysts.

TEM characterization shows that the catalysts in general ex-
hibit carbon pellets with a diameter of ~50 nm (Figure 1a).
The high-resolution TEM reveals distorted short-range graphitic
stripes with wrinkles and interlaces, suggesting the presence of
structural defects in the carbon material (Figure 1b; Figures S4a—
S7a, Supporting Information). Besides, no aggregates of metal-
lic nanoparticles could be observed. We further employed ADF-
STEM to verify the atomically dispersed metal atoms. As exhib-
ited in Figure 1c and Figures S3a, S4b-S7b (Supporting Infor-
mation), evenly distributed bright spots could be observed on
the carbon framework in the dark field for the Mn—Ni—NC cat-
alyst. These dense bright dots with different brightness could
be assigned to metallic Mn and Ni atoms because of the atomic
number-dependent contrast difference in the dark field.[*! Be-
sides, the binding energies of Mn—Ni, Mn—Mn, and Ni—Ni are
—11.89, —9.21, and —11.40 eV, respectively. The formation en-
ergy of Mn—Ni, Mn—Mn, and Ni—Ni are —10.28, —9.38, and
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—10.02 eV, respectively. These results demonstrate that the for-
mation of Mn—Ni pair is preferable. Moreover, numerous neigh-
boring spots marked with red rectangles were observed, indi-
cating that Mn and Ni atoms are present in the form of atom
pairs. Statistical analysis was performed for the Mn—Mn-NC,
Ni—Ni—NC, and Mn—Ni—NC DAC catalysts. In each sample,
100 dots were fixed and the distance from the closest bright
dots was measured. For the Mn—Ni—NC catalyst, 58% dual-
atom Mn—Ni pairs were counted, while 42% Mn and Ni atoms
were counted as isolated atoms. The distances of the adjacent
spots are estimated to be ~ 0.24 + 0.01 nm (Figure 1d). Simi-
larly, 39% Mn—Mn atom pairs were found in Mn—Mn—NC, and
46% Ni—Ni atom pairs were observed for the Ni—Ni—NC cat-
alyst. The distances between the adjacent Mn—Mn and Ni—Ni
atoms are both centered at ~0.23 + 0.01 nm (Figures S6¢ and
S7¢, Supporting Information). Considering the great challenge
of identifying each atom by ADF-STEM, this statistic analysis
can effectively figure out the distance of neighboring atoms.[*!]
In contrast, for the Mn—NC and Ni—NC SAC catalysts, isolated
Mn and Ni atoms can be easily observed, even though some
Mn—Mn and Ni—Ni atom pairs are also present. Furthermore,
energy-dispersive X-ray spectroscopy (EDS) shows that in the
Mn—Ni—NC catalyst, C, N, Mn, and Ni elements are homoge-
neously distributed (Figure 1le—i), which is also apparent for all
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Figure 2. a) High-resolution N 1s XPS spectra of Mn—NC, Ni—=NC, Mn—Mn—NC, Ni—Ni—NC and Mn—Ni—NC catalysts; b) high-resolution Mn 2p XPS
spectra of Mn—NC, Mn—Mn—NC and Mn—Ni—NC catalysts; c) high-resolution Ni 2p XPS spectra of Ni—=NC, Ni—=Ni—NC and Mn—Ni—NC catalysts.

other electrocatalysts (Figures S4c—f, S5c—f, S6d-g and S7d—g,
Supporting Information). Therefore, it is fair to conclude that
Mn—NC and Ni—NC are SACs, while Mn—Mn—NC, Ni—Ni—NC,
and Mn—Ni—NC are DACs.

X-ray photoelectron spectroscopy (XPS) was carried out to in-
vestigate the chemical species and element states of Mn, Ni, N,
and C in the electrocatalysts. As displayed in Figure 2a, the high-
resolution N 1s spectra can be deconvoluted into five species:
pyridinic (Pyri-N), metallic (Metal-N), pyrrolic (Pyrr-N), graphitic
(Grap-N), and oxidized (Oxid-N), with corresponding binding
energy of 398.3, 400.3, 401.4, and 404.5 eV, respectively.[*>*]
Notably, the peak at 399.1 eV can be assigned to a porphyrin-
like metal-N coordination structure, which demonstrates that
metal atoms are coordinated with N atoms in the carbon
framework.*#’] In particular, the existence of Pyri-N in car-
bon substrates plays a significant role in anchoring and sta-
bilizing single metal atoms as well as promoting electrocat-
alytic activity.[*®] The Pyri-N concentration is the lowest for the
Mn—Ni—NC catalyst, while its metal-N concentration is the high-
est among the five electrocatalysts. On the other hand, the con-
centrations of Pyrr-N, Grap-N, and Oxid-N did not show obvious
differences (Table S2, Supporting Information). The results in-
dicate that most Mn and Ni atoms prefer to bond with Pyri-N.
Moreover, the binding energy of Pyri-N in DACs shows a slight
downshiftin comparison with thatin SACs, while the binding en-
ergies of metal-N of DACs are similar. Therefore, the electronic
structures of SACs and DACs are different. High-resolution Mn-
2p spectra in Figure 2b show that the Mn-2p;, peaks of Mn—NC
(640.6 eV), Mn—Mn—NC (640.3 eV) and Mn—Ni—NC (640.5 eV)
are located between Mn° (638.7 eV) and Mn?" (641.4 eV).*]
The Ni-2p; , peaks of Ni—NC (855.7 eV), Ni—Ni—NC (855.6 eV),
and Mn—Ni—NC (855.5 eV) are located between Ni0 (852.5 eV)
and Ni** (856.0 eV) (Figure 2c).’*5! Therefore, Mn and Ni
species probably both have an oxidation state between 0 and
+2. It is worth noting that the binding energies of Mn-2p;, in
Mn—Mn—NC and Mn—Ni—NC exhibit a negative shift in com-
parison to the Mn—NC catalyst. Similarly, the binding energies
of Ni-2p;, in Ni—Ni—NC and Mn—Ni—NC also show a negative
shift compared with Ni—NC. Consequently, the oxidation states
of Mn and Ni atoms decreased when atom pairs were formed in
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DACs. Obviously, when the concentration of Metal-N decreases,
less electron are donated from metal to coordinated N atoms.
In particular, the binding energies of Mn-2p;;, and Ni-2p;, in
Mn—Ni—NC catalyst are more positive and negative than that
of Mn-2p;, in Mn—Mn—NC, and Ni-2p;, in Ni—Ni—NC, re-
spectively. Consequently, there are apparent electron transfers
between Mn and Ni in Mn—Ni-NC, in which the Ni atom with
higher electronegativity attracted electrons from the paired Mn
atom. Therefore, XPS characterization evidenced that when atom
pairs are formed, there are valence changes in the homonuclear
DACs and electron transfer in the heteronuclear DAC.

X-ray adsorption spectroscopy (XAS) was conducted to reveal
the detailed electronic structure and coordination environment
of the metal active centers. Figure 3a and b depict XANES of
Mn and Ni atoms of different catalysts, reference Mn and Ni
metal foils, and metal phthalocyanine (Mn—Pc and Ni—Pc). In
the Mn K-edge XANES spectra, the near-edge absorption ener-
gies of Mn—NC, Mn—Mn—NC, and Mn—Ni—NC are located be-
tween those of Mn foil and Mn—Pc, confirming that the oxida-
tion states of Mn are between 0 and +2. Besides, the near-edge
absorption energies of the Mn atom in Mn—Ni—NC catalyst show
a slightly positive shift compared with that of Mn—Mn—NC, in-
dicating that the valence state of the Mn atom increased. Sim-
ilarly, Ni K-edge XANES spectra of Ni—NC, Ni—Ni—NC, and
Mn—Ni—NC are located between those of Ni foil and Ni-Pc, con-
firming that the valence states of Ni are also between 0 and +2. In
comparison with Ni—Ni—NC, the near-edge absorption energies
of Niin Mn—Ni—NC catalyst show a slight negative shift, demon-
strating the decrease of the valence state of Ni. Consequently, Mn
donated electrons to Ni in the heteronuclear Mn—Ni—NC DAC,
in agreement with XPS analysis.

Figure 3c,d displays the Fourier transform (FT) of k>-weighted
EXAFS of Mn and Ni K-edge in the R-space. The Mn K-edge
spectra show a major peak at ~1.5 A, assigned to the Mn—N
coordination in the Mn—NC, Mn—Mn—NC, and Mn—Ni—NC
catalysts. A dominant peak at ~1.3 A for the Ni K-edge spec-
tra of Ni—NC, Ni—Ni—NC, and Mn—Ni—NC catalysts is associ-
ated with the Ni—N bonding. The Mn—Mn (2.3 A) and Ni—Ni
(2.1 A) bonds are characteristic of Mn and Ni foils. However,
the metal-metal bonds are absent in the Mn—NC and Ni—NC
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Figure 3. a) Mn K-edge and b) Ni K-edge XANES spectra of the catalysts; c) Mn K-edge and d) Ni K-edge Fourier transform (FT) k3-weighted EXAFS
(FT-EXAFS) spectra of the samples at R space; e) Ni K-edge Wavelet transformed k?-weighted EXAFS plots of Ni foil, Ni-Pc, Ni—NC, Ni—Ni—NC and
Mn—Ni—NG; f) Ni—N, g) Ni—N, h) Ni-N and i) Mn—N fittings of the FT-EXAFS spectra for Ni—=NC, Ni—Ni—NC, Mn—Ni—NC and Mn—Ni—NC catalysts.
The gray, blue, red, and green balls refer to C, N, Ni, and Mn atoms, respectively.

catalysts, which confirms atomically dispersed Ni and Mn atoms.
Remarkably, peaks at 2.3 and 2.5 A in the Mn K-edge spectra
can be identified for the Mn—Mn—NC and Mn—Ni—NC catalysts,
which can be assigned to Mn—Mn and Mn—Ni coordination, re-
spectively. Similarly, peaks at 2.2 A and 2.5 A in the Ni K-edge
spectra of Ni—Ni—NC and Mn—Ni—NC catalysts are attributed to
Ni—Ni and Mn—Ni coordination. Therefore, the FT-EXAFS anal-
ysis demonstrated the formation of atom pairs for all three DACs.

Wavelet transform (WT) EXAFS (WT-EXAFS) oscillations
were also conducted to discriminate the backscattering atoms
and obtain high resolutions in both K and R spaces. As dis-
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played in Figure S8 (Supporting Information), the WT-EXAFS
contour plot of Mn foil shows a strong signal with maximum in-
tensity at 5.1 A~ of the Mn—Mn contributions. However, this
signal is absent for the Mn—NC and Mn—Ni—NC catalysts but
is slightly visible at ~7.5 A~ for the Mn—Mn—NC catalyst. Sim-
ilarly, WT-EXAFS of Ni foil shows a prominent feature centered
~7.0 A~!, which is not found for the Ni—NC and Mn—Ni—NC cat-
alysts but visible at 6.8 A~! for the Ni—Ni—NC catalyst. Similar to
the WT-EXAFS contour plots of Mn-Pc, the spectra of Mn—NC,
Mn—Mn—NC, Mn—Ni—NC also show strong features at 4.8 A1,
which can be attributed to the Mn-N coordination. Meanwhile, a
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weak signal at 6.0 A~! can be observed for the Mn—Ni—NC cata-
lyst, indicating the Mn—Ni coordination. For the Ni WT-EXAFS
contour plots of Ni—NC, Ni—Ni—NC, and Mn—Ni—NC electrocat-
alysts, a maximum intensity at 4.0 A~! due to the Ni-N contribu-
tion can be observed (Figure 3e). A weak feature at 6.1 A~! is also
attributed to the Mn—Ni bonding. It is worth noting that the dif-
ferent models of atomic vibration could cause a difference in sig-
nal intensity.32] The WT-EXAFS analysis demonstrated that Mn
and Ni atoms dispersed atomically on the N-doped carbon sub-
strate, and the existence of Mn—Mn, Ni—Ni, and Mn—Ni bonding
for the DACs.

To elaborate the structures of the catalysts, theoretically op-
timized metal-N configurations based on DFT calculations and
fitted-EXAFS curves were constructed. As shown in Figure 3f-i
and Figure S9a,b,(Supporting Information) the fitted results in
R-space and K-space match well with the experimental spectra.
The detailed fitting parameters, e.g., metal-N coordination num-
bers, and metal-N path length are summarized in Table S3 (Sup-
porting Information). The average metal-N coordination num-
bers are 4, 4, 3.5, 3.5, and 3.5 for Mn—NC, Ni—NC, Mn—Mn—NC
and Ni—Ni—NC and Mn—Ni—NC catalysts, suggesting that Mn
and Ni SACs have the usual metal-N, center, while the DACs ex-
hibit metal-N, configurations. The fitting parameters for Ni—Ni,
Mn—Mn, and Mn—Ni interaction paths indicate that the average
coordination number of metal-metal is one in the DAC catalysts
(Figure S9c—e, Supporting Information). More importantly, the
average bond lengths of Mn—Mn, Ni—Ni, and Mn—Ni are 2.40,
2.35, and 2.40 A, consistent with ADF-STEM results. Therefore,
nonbridged (Mn—Mn)N,, (Ni—Ni)N; and (Mn—Ni)N, embed-
ded carbon frameworks were successfully synthesized for DACs,
as evidenced by the combination of EXAFS spectra, fitted curves,
and DFT calculations.

2.2. Electrocatalytic Activity Test

The ECR performance of the samples was evaluated in a custom-
made H-cell with three electrodes system and CO,-saturated
0.5 M KHCO, electrolyte by linear sweep voltammetry (LSV)
method. As illustrated in Figure 4a, the Mn—Ni—NC electrocat-
alyst exhibits the largest current density at all applied potentials.
It also exhibits an enhanced current response and a lower onset
potential under CO, atmosphere than under Ar (Figure 4b), indi-
cating the occurrence of ECR. The potentiostatic electrolysis was
conducted under different potentials from —0.3 to —1.0 V ver-
sus reversible hydrogen electrode (vs RHE). The gaseous and lig-
uid products were detected by online gas chromatography (GC)
and 'H nuclear magnetic resonance (NMR). As displayed in
Figure 4c, ECR to CO on Mn—Ni—NC, Ni—Ni—NC, Ni—NC cat-
alysts occurred under —0.4 V (vs RHE), showing the lower on-
set potential for ECR to CO. With the increase of the applied po-
tential, the Mn—Ni—NC catalyst reaches the maximum FE, of
98.7% at the potential of —0.7 V (vs RHE). Besides, FE is higher
than 90% between —0.5 and —0.9 V (vs RHE), exhibiting wide po-
tential windows. The Ni—Ni—NC and Ni—NC catalysts present
the highest FE, of 91.6% and 87.8% at the potential of —0.8 V
(vs RHE).

The Ni—Ni—NC shows slower decay of FE, than the Ni—NC
catalyst with the increase of potential, also implying a wide po-
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tential window for highly efficient ECR to CO. It has been re-
ported that the formation of *COOH on the Ni site is diffi-
cult due to a large energy barrier.52%3] Therefore, the enhanced
ECR performance on Ni—Ni—NC could be attributed to the de-
crease of the energy barrier for the formation of *COOH on
Ni—Ni dual sites. The Mn—Mn—NC and Mn—NC catalysts ex-
hibit low FE., at all applied potentials. Even though forming
Mn—Mn atom pairs also improved the ECR performance of
Mn—NC, the FE., of Mn—Mn—NC is still less than 40%. This
can be explained by the strong adsorption of *CO on the Mn
site. The improvement of ECR performance on Mn—Mn—NC
demonstrates that the Mn—Mn site may moderate *CO adsorp-
tion to some certain extent. Nevertheless, the competing hydro-
gen evolution reaction on Mn and Mn—Mn—NC catalysts is dom-
inating, as shown in Figure 4d. Remarkably, the ECR perfor-
mance to CO on Mn—Ni DAC is greatly improved compared
to the Mn and Ni SACs, implying that forming heteronuclear
atom pairs could facilitate either *COOH formation or *CO des-
orption. This could be further ascribed to the moderate bind-
ing energies for intermediates due to the electron interaction be-
tween the heteronuclear atoms. For the Mn—Ni—NC catalysts,
only CO and H, products were identified as the products at all ap-
plied potentials, with a total FE, of ~100%. No liquid products
were detected, as evidenced by 'H NMR (Figure S10, Supporting
Information).

The CO partial current densities on the five catalysts were also
calculated (Figure 4e). For the Mn—Ni—NC catalyst, it increased
with the applied potential, reaching 16.8 mA cm™ at —0.7 V (vs
RHE), whichis 1.31,1.62, 21.3, and 42.2 times higher than that of
Ni—Ni—NC, Ni—NC, Mn—Mn—NC, and Mn—NC catalysts. The
turnover frequency (TOF) of the five catalysts was calculated to
uncover the intrinsic activity of the active site.?3] As illustrated in
Figure 4f, the TOF on the Mn—Ni—NC catalyst is the highest at
2859 h~!at —0.7 V (vs RHE), indicating its high intrinsic activity.

Electrochemical active surface areas (ECSA) play a signifi-
cant role in ECR activity, which is calculated by measuring
double layer (D-L) capacitance (Figure 4g; FigureS11, Support-
ing Information). The Mn—Ni—NC catalyst has a capacitance
of 53.3 mF cm2, slightly higher than the other catalysts.
As a result, the ECSA for Mn—Ni—NC, Ni—Ni—NC, Ni—NC,
Mn—Mn—NC, and Mn—NC catalysts were 1332, 1195, 1120,
and 980, 927 cm?;c,, demonstrating that the Mn—Ni atoms
pair could increase the ESCA. Furthermore, the Tafel slopes
on the five samples were compared to disclose the kinetics
for CO generation (Figure 4h). An improved Tafel slope of
168 mV dec™' for CO generation on the Mn—Ni—NC catalyst
is obtained, attributed to the synergistic effect of the Mn—Ni
pair. Additionally, the small Tafel slope also indicates that the
rate-limiting step of ECR to CO on the Mn—Ni—NC catalyst
is the first protonation of CO,.>*%] Overall, the DAC cata-
lysts show a lower Tafel slope than their SAC counterparts.
Dual atom pairs especially with heteronuclear atoms could ef-
fectively reduce the Tafel slope, which contributes to a more ki-
netically favorable ECR to CO. Electrochemical impedance spec-
troscopy (EIS) indicated that Mn—Ni—NC catalyst has the small-
est charge-transfer resistance among the five catalysts (Figure
S12, Supporting Information), implying fastest charge trans-
fer. Therefore, the heteroatomic pairs could act synergistically,
which outperforms homoatomic pairs and SACs in ECR to CO.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. ECR to CO activity of different catalysts. a) LSV curves of the catalysts obtained in CO,-saturated 0.5 M KHCOj5 electrolyte at the scan rate
of 10 mV s7; b) LSV curves of the Mn—Ni—NC catalyst in Ar- and CO,-saturated electrolyte; c) Faradaic efficiency for CO; d) Faradaic efficiency for
H,; e) partial current densities of CO and f) TOF for different catalysts at different applied potentials; g) charge current density difference against scan
rates of Mn—NC, Ni—NC, Mn—Mn—NC, Ni—Ni—NC, and Mn—Ni—NC catalysts; h) Tafel plots for the CO partial current density; i) comparison of

Faradaic efficiency and current density on reported SACs and DACs in H-cell;

electrocatalytic reaction.

The Mn—Ni—NC catalyst in this study outperformed most of
the recently reported SACs and DACs applied for ECR to CO
(Figure 4i; Table S4, Supporting Information). Finally, a contin-
uous potentionstatic activity test for 24 h demonstrated that the
Mn—Ni—NC catalyst exhibited stable current density and FE.,
with negligible decay under the potential of —0.7 V (vs RHE)
(Figure 4;).

j) stability test for Mn—Ni—NC at —0.7 V (vs RHE) with 24 h continuous

2.3. DFT Simulation

To uncover the activity origin, DFT calculations were employed
based on the EXAFS fitting results. The distribution of elec-
tron density on N and coordinated metal atoms of catalysts is
correlated with intrinsic activity and ECR selectivity.**) After
forming Mn—Mn, Ni—Ni, and Mn—Ni atom pairs, the electron
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density around the N, Mn, and Ni atoms exhibit apparent
changes (Figure S13, Supporting Information). For instance,
more electrons accumulate around the metal atoms of the
homonuclear atom pair. Charge transfer between Mn and Ni
atoms can also be observed, indicating electron interactions af-
ter forming atom pairs. Moreover, Bader charge analysis demon-
strated that the Mn and Ni atoms always act as electron donors
in the single atom center, homonuclear atom pair, and heteronu-
clear atom pair. The amount of the lost electrons for the Mn atom
decreased first and then increased, while it always decreased for
Ni atom (Figure 5a). This opposite trend for Mn and Ni atom
in the change from homonuclear to heteronuclear pair discloses
electron transfer from Mn to Ni atom, which vividly shows the
electron interaction between Mn and Ni atoms. Therefore, the va-
lence state of Mn and Ni atoms shows an increase and decrease,
consistent with XPS and XANES analysis. Consequently, build-
ing dual-atom pairs can regulate the electron density of the active
sites in different ways, which directly affects the binding strength
of intermediates with active sites.

ECR to CO consists of three steps, i.e., the formation of
*COOH, *CO generation, and the desorption of CO. The Gibbs
free energy diagrams of each step at U = 0 V (vs RHE) were
calculated in Figure 5b. As expected, Mn and Ni SACs exhibit
a high energy barrier for *COOH production (1.83 eV) or *CO
desorption (0.75 eV), resulting from the binding strength be-
tween the intermediate and metal sites. After forming a homonu-
clear atom pair, the energy barrier for *COOH generation on
the Ni—Ni—NC catalyst decreased greatly to 0.70 eV. For the
Mn—Mn—NC DAC, although the free energy barrier for the for-
mation of *COOH decreased, the desorption of *CO deteriorated
remarkably with an energy barrier of 1.88 eV. These changes can
be explained by the coordination effect of the dual metal atoms.
For the SACs, only one C-metal bond will form for *COOH gen-
eration. However, when the dual atom pairs are formed, the C
atom of intermediates could bond with two metal atoms with
two C-metal bonds. Consequently, the binding strength of inter-
mediates to active sites increased. Notably, as the *COOH for-
mation on the Mn—Mn site is energy favorable, the rate-limiting
step will become *CO desorption from the Mn—Mn site, which
is controlled by the thermodynamic process. Thus, Mn—Mn sites
are potentially passivated by strongly adsorbed *CO, in agree-
ment with other studies.[?!3] An additional active site could be
possible for CO, activation on the CO-adsorbed Mn—Mn site
(CO*Mn—Mn—NC). The free energy barrier of CO desorption
on the site decreased remarkably (0.54 eV), which promotes *CO
desorption from the Mn site. The results proved that the ECR per-
formance is improved after incorporating the second homonu-
clear atom into SACs, in line with experimental observations. For
the Mn—Ni—NC catalyst, the energy barrier for *COOH forma-
tion on Ni and Mn sites are 0.40 and 0.51 eV, lower than that of
Mn, Ni, CO*Mn—Mn, and Ni—Ni catalysts. However, the free en-
ergy barrier for *CO desorption from the Ni site is only 0.39 eV,
much lower than that of the Mn site (0.85 eV). Although DACs
may offer potential active sites for C-C coupling, it is not consid-
ered in this study because of difficult kinetics.

As depicted in Figure 5c, the free energy change for *COOH
formation and *CO desorption was built to reveal the scaling rela-
tionship of intermediates. Unexpectedly, the scaling relationship
of the binding strength of intermediates on Mn—Ni DAC was
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broken. This can be explained by that C atom of *CO prefer to
bond with Ni atom on Ni site, while the C atom of *CO will bond
with both Mn and Ni atom on Mn site. In other words, during
ECR to CO, the Mn atom can bind the intermediates selectively.
For the CO, protonation, Mn and Ni atoms act together to accel-
erate the *COOH formation, which is not possible in Mn and Ni
SACs. For the *CO desorption, the Mn atom will not bond with
*CO, which promotes CO generation (Figure 5d). However, this
cannot be observed in Mn and Ni homonuclear DACs (Figure
S14, Supporting Information). Therefore, Mn—Ni—NC catalysts
with the lowest energy barriers for both *COOH formation and
*CO desorption, due to the synergistic effect of Mn and Ni atoms,
which can selectively interact with intermediates. As a result, the
restriction of the scaling relationship on the binding strength of
intermediates was broken on the Mn—Ni—NC catalyst, resulting
in the superior performance of ECR to CO.

As HER is the main competing reaction, the free energy
changes of HER on the five catalysts were also calculated. As illus-
trated in Figure S15a (Supporting Information), Ni—NC shows
the largest energy barrier of 1.40 eV for *H generation, while
both Ni—Ni—NC and Mn—Ni—NC show an energy barrier of
~0.12 eV. Therefore, an excellent *H generation performance
possibly boosts proton transfer, accelerating the ECR to CO pro-
cess. The selectivity of ECR to CO against HER is evaluated by
calculating the difference of limiting potentials between ECR
and HER (U, (CO,)-U, (H,)), where a more positive value of
U, (CO,)-U, (H,) indicates higher ECR selectivity to CO. As de-
picted in Figure S15b (Supporting Information), Mn—Mn—NC
and Ni—Ni—NC show more positive values of U, (CO,)-U, (H,)
than their SACs counterparts, confirming that DACs have higher
ECR selectivity. Heteronuclear Mn—Ni—NC presents the most
positive U; (CO,)-U| (H,) of —0.29 eV, demonstrating its superior
ECR selectivity to CO by suppressing HER reaction.

To disclose the effects of electron structure on the adsorption
performance of intermediates, the crystal orbital Hamilton pop-
ulation (COHP) and integrated COHP (ICOHP) are employed
to further study the interaction strength between the active site
and intermediates, in which a positive -COHP indicates bonding
state, while a negative -COHP represents the anti-bonding state
below Fermi energy. As shown in Figure 5e,f, a more noticeable
anti-bonding state appears in CO passivated Mn—Mn—NC cat-
alyst (CO*Mn—Mn—NC) in comparison with Mn—NC, demon-
strating weak CO adsorption on the CO*Mn—Mn—NC catalyst.
This is also confirmed by the larger ICOHP (—0.48 eV) of CO
passivated Mn—Mn—NC catalyst. *COOH cannot adsorb stably
on single Ni sites due to the existence of antibonding states
(Figure 5g). After introducing the second Ni atom, the antibond-
ing states almost disappeared, implying an improvement in the
binding strength between Ni and *COOH (Figure 5h). Despite
that the ICOHP of C-Ni over Ni—NC is larger than that of C-Ni
over Ni—Ni—NC, C will bond with two Ni atoms, which increases
the binding strength compared with a single Ni atom. Finally, we
compared the adsorption strength of C and O atoms of *COOH to
the Ni and Mn atoms of the Mn—Ni—NC catalyst (Figure 5i,j). Re-
markedly, both C and O atoms could bind with Ni and Mn atoms
strongly, as demonstrated by the absence of antibonding states.
Therefore, *COOH generation was enhanced greatly, which en-
dows Mn—Ni—NC with excellent ECR activity. Overall, it can be
concluded that the Mn atom donated more electrons in Mn—Ni
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than the Mn—Mn atom pairs, causing a higher valence state of
Mn and stronger *CO binding strength. However, the valence
state of Ni atom decreased in Mn—Ni compared with the Ni—Ni
center, resulting in superior *COOH binding strength. Conse-
quently, electron interaction between Mn and Ni atoms in the
Mn—Ni—NC catalyst resulted in moderate and low valence states
for Mn and Ni atoms respectively, which directly influenced the
binding strength of the intermediate. Meanwhile, the selective
adsorption of intermediates on the active center contributes to
breaking the scaling relationship, which greatly improves the per-
formance of ECR to CO.

3. Conclusion

A series of SACs and DACs including Mn—NC, Mn—Mn—NC,
Ni—NC, Ni—Ni—NC, and Mn—Ni—NC electrocatalysts were sys-
tematically studied for ECR to CO to reveal the evolution of the
activity. ADF-STEM and EXAFS characterizations demonstrated
the presence of atom pairs in DACs, displaying nonbridged
(metal-metal)N, coordination. Electron transfer from Mn to Ni
atom as evidenced for the heteronuclear Mn—Ni—NC catalyst
through XPS and XANES. The Mn—Ni—NC catalyst displayed
the highest FE-, of 98.7% at the potential of —0.7 V (vs RHE)
with CO partial current density of 16.8 mA cm™2, achieving a
TOF of 2859 h~!. DFT calculations disclosed that Mn atoms with
a high oxidation state resulted in strong CO binding strength,
while the low valence state of Ni atom contributed to superior
*COOH binding strength, which promotes ECR to CO. More im-
portantly, the *COOH or *CO intermediates could change their
binding sites during ECR to CO. The C and O atoms of *COOH
prefer to bind with Ni and Mn atoms, respectively, promoting
CO, protonation. Only Ni atom will bind with C atom of *CO,
thus accelerating CO generation. However, the change in bind-
ing sites is only observed for heteronuclear DAC, because the het-
eronuclear metal atom pair could break the scaling relationship
of the adsorption strength of intermediates.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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