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Electronic Modulation in Homonuclear Dual-Atomic
Catalysts for Enhanced CO, Electroreduction

Wen-Jie Shi,” Yu-Chen Wang,” Wei-Xue Tao,” Di-Chang Zhong,* and Tong-Bu Lu*"

Homonuclear dual-atomic catalysts showcase unique electronic
modulation due to their dual metal centres, providing new
direction in development of efficient catalysts for CO, electro-
reduction. This article highlights a few cutting-edge homonu-

Introduction

In the context of accelerating global industrialization and
burgeoning populations, the nexus of energy demand and
ecological sustainability presents pressing challenges." Fore-
most among these is the pursuit of sustainable energy
solutions. Electrocatalytic CO, reduction reaction (CO,RR)
emerges as a beacon, providing a promising approach to
address rising energy demands while exemplify environmental
stewardship.” Therefore, the exploration of CO,RR electro-
catalysts with low cost and energy input as well as high Faraday
efficiency (FE) and product selectivity is urgently demanded.
Single-atom catalysts (SACs) has significantly shifted the
paradigm in electrocatalytic CO,RR research.”’ While the high
atomic efficiency and robust catalytic activity of SACs have
spurred extensive studies, their inherent structural simplicity
occasionally acts as a double-edged sword. The absence of
neighboring active sites can become a hindrance in more
intricate electrocatalytic reactions. This is why dual-atomic
catalysts (DACs) come into the picture of CO,RR. Featured by
their binary metal sites, DACs not only hold promise in
addressing the limitations of SACs but also introduce a novel
dimension of catalysis, like modulate both electronic config-
uration of the catalytic centers and geometric structure of the
catalysts. Their distinct advantage lies in the synergistic inter-
play between the two metal atoms, which can enhance catalytic
activities in CO,RR."”!

The efficacy of electrocatalysts is intrinsically tied to the
electronic structure of their catalytic sites. Precise adjustments
to the structure can significantly reduce the energy barriers for
key intermediate formation, thereby refining catalytic
performance.”’ A slew of modern strategies focus on modulat-
ing the electronic structures of catalytic sites to optimize
efficiency. Notably, modifying the coordination environment of
a single-metal center in SACs has been impactful,” due to the
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clear dual-atomic catalysts, focusing on their inherent advan-
tages in efficient and selective CO, electroreduction, to
spotlight the potential application of dual-atomic catalysts in
CO, electroreduction.

seamless electron transfer between metal centers and their
coordinating atoms. Given this precedent, adjusting the elec-
tron configuration of the dual-metal centers in DACs can be a
logical evolution, potentially bolstering electrocatalytic activities
for CO,RR.

Homonuclear dual-atomic-site catalysts (HDACs) is a subset
of DACs, which introduce a new approach for electrocatalytic
CO, reduction (Scheme 1).®! While DACs have been recognized
for their synergistic properties stemming from adjacent metal
atoms, HDACs with two identical metal atoms, provide not just
a synergistic boost, but a mode for diverse electronic config-
urations. This characteristic of HDACs positions them as
promising entities for future research in the realm of electro-
catalytic CO,RR® In this concept, based on recent works by us
and others in the subject, we address the current under-
standing of modulating electron configuration of catalytic
centers in HDACs, and casting a vision for their potential in
electrocatalytic CO,RR.

1. Optimization of Electronic Structure by
Intermetallic Direct Interaction

In contrast to SACs, HDACs presented the synergistic effect
between adjacent metal atoms, which promote their catalytic
activity while maintaining the advantages of SACs, like 100%
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Scheme 1. Scheme of the HDACs for electrocatalytic CO,RR.
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atomic utilization efficiency and excellent selectivity."” Li et al.
firstly used anion replacement deposition-precipitation method
to prepare a novel acetylene black supported Pd, HDAC, further
applied it for CO,RR for the first time (Figure 1a)."" Pd, HDAC
demonstrated exceptional electrocatalytic efficiency in CO,RR.
The FEc, was consistently above 80% in the potentials from
—0.7 to —0.95V, and the highest selectivity toward CO with
maximum FE., reached 98.2% at —0.85V vs. RHE (Figure 1b),
outperforming the Pd; SAC counterpart. DFT insights revealed
that this Pd, HDAC had an optimal potential determining step
(PDS) free energy barrier of 1.28 eV, which is lower than that on
Pd, SAC (1.86 eV), accounting for its superior electrocatalytic
CO,RR activity. In the *CO adsorption state, there are more
electrons that can be transferred to CO* on Pd, (0.22e)
compared to that on Pd; (0.04e), presented the electron transfer
between two Pd atoms at the dimeric Pd, active sites (0.39%e
from Pd,, to Pd,, Figure 1c). This high efficiency also stems
from the harmonious interaction between the Pd, dual atoms
and their substrate, facilitating the electron transfer and
enhancing the Pd active center binding to CO,RR intermediates.
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Figure 1. (a) The preparation strategy for Pd, HDAC. (b) FE. of C, Pdy,/C, Pd,
SAC, and Pd, HDAC in CO,-saturated 0.5 M KHCO; electrolyte. (c) Charge
density differences for CO* adsorption states and corresponding charge
transfer on the Pd, and Pd, models. Reprinted with permission from Ref. [11]
Copyright 2021, John Wiley and Sons.

2. Optimization of Electronic Structure by
Intermetallic Indirect Interaction

Beside the direct interactions between two close dual metals,
the indirect interactions of two dual metals will also tune the
electron configuration in DACs, boosting the electrocatalytic
activity in CO, reduction. Yao et al. developed a nitrogen-doped
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carbon supported dinuclear Ni, catalyst (Ni,/NC) by pyrolysis of
a Ni, cluster and ZIF-8."? The high-magnification high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of Ni,/NC revealed an inter-nickel
distance of roughly 2.9 A. In electrocatalytic assessments, Ni,/
NC exhibited a FE, of 94.3% at a current density of 150 mA
cm™?, notably outperforming Ni;/NC and NC catalysts by
approximately 1.3 and 10.6 times, respectively (Figure 2a).
During operando XAFS measurements under open-circuit
voltage (OCV) conditions, a slight energy shift was observed in
the absorption edge of Ni in Ni,/NC, hinting at an elevated Ni
oxidation state. This phenomenon may arise from the adsorp-
tion of specific oxo-species in the solution, optimizing the
structure with a higher valence Ni (Figure 2b). Additionally, the
extended X-ray absorption fine structure (EXAFS) examined the
Ni—O configuration in Ni,/NC under OCV approximating.
Expanding upon these findings, the authors postulated an
0—Ni,—N, configuration. This O bridge led to a 0.2 A contraction
in the distance between adjacent Ni atoms compared to the
initial Ni,—N, structure, indicating the stronger Ni—Ni interac-
tions. Integrated crystal orbital Hamilton population (ICOHP)
were calculated to be —2.20 and —2.01 eV for the O—Ni,—N;
and Ni—N,, further affirmed the optimized bonding and
antibonding orbital populations in the O—Ni,—Ng; model. Bader
charge analysis provided deeper insights into charge popula-
tions and transfer dynamics, revealing that the O—Ni—Ng
possessed the highest positive charge of 0.23e, underscoring its
superior efficiency in the activation of CO, to COOH* within the
homonuclear Ni, active sites (Figure 2c).
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Figure 2. (a) LSV curves in the CO,-flowed 1.0 M KHCO, electrolytes for the
Ni,/NC, Ni;/NC, and NC catalysts. (b) Operando XANES spectra recorded at
the Ni K-edge of Ni, HDAC, at different applied potentials from the OCV to
—0.9 V during the electrocatalytic CO,RR, and the XANES data of the
referenced standards of NiO, Ni,O;, and Ni foil. Inset: Magnified absorption
edge and white-line peak of XANES region. (c) Electron density difference
plot of the *COOH intermediate adsorption structure on O—Ni,—Ng and
Ni—N, and the Bader charge analysis. The isosurface value was set to be
0.003 electrons Bohr ™2, Yellow and cyan contours stand for the electron
accumulation and deletion, respectively. Reprinted with permission from
Ref. [12] Copyright 2021, American Chemical Society.
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3. Optimization of Electronic Structure by
Coordination Environment Modulation

Previous literature demonstrates that modulating the coordina-
tion environment of single-metal centers within SACs effectively
alters their electronic structures."” This alteration stems
primarily from the direct electron transfer between metal
centers and coordinating atoms. For instance, the non-noble Fe
SACs exhibit low overpotentials for CO, reduction to CO.'”
However, the robust adsorption of *CO intermediate at Fe-N—C
sites constrains the CO desorption, leading to attenuated
reaction kinetics. Han et al. reported a well-defined dual-atomic
Fe, anchored on a nitrogen-doped carbon matrix synthesized
through the pyrolysis of Fe-ZIF-8." The resulted Fe, HDAC
showed FE., exceeding 80% over broader potential ranges,
coupled with a higher turnover frequency (26,637 h™') and
superior durability compared to conventional Fe SAC analogs
(Figure 3a). The morphology of Fe, HDAC retains the character-
istics of Fe-ZIF-8, averaging around 150 nm in size. Atomic-
resolution HAADF-STEM analysis confirmed bimetallic Fe sites
rather than mere Fe clusters on the substrate (Figure 3b).
Statistical analysis presented the bimetallic sites with a typically
average distance of 2.37+0.31 A (Figure 3c). X-ray absorption
fine-structure (XAFS) studies differentiated Fe SAC and Fe,
HDAC configurations, with Fe,—N¢—C-0 showcasing superior
CO,RR catalytic activity. DFT calculations, as well as the CO, and
CO temperature-programmed desorption (TPD) experiments
highlighted the variations in CO, and *CO adsorption between
Fe—N—C and Fe,-N4-C structures. Especially noting the minimal
charge transfer between Fe and the CO intermediate on the
Fe,—N¢—C-o structure (Figure 3d). Due to electron delocalization
caused by the Fe-3d orbital coupling of Fe,—N,—C-o, the energy
gap between antibonding and bonding states was much
smaller in Fe,~Ns—C-o than Fe,—N,—C (Figure 3e), indicating a
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Figure 3. (a) Scheme of Fe,—~Ns—C-0 HDAC. (b) Aberration-corrected (AC)-
HAADF-STEM image of Fe,—~N6—C-o, in which single sites and bimetallic Fe
pairs were highlighted by yellow circles and red rectangles. (c) Intensity
profiles obtained on the two sites in areas A and B in Figure b. (d) Charge
density difference of *CO adsorption with an isosurface level of 0.002 e-A~3.
(e) Schematic illustration of orbital interaction between Fe-3d (dz* and d,,/
d,,) and adsorbed CO (56 and 2n*) for Fe,—N,—C and Fe,~N¢—C-o. Reprinted
with permission from Ref. [15] Copyright 2022, American Chemical Society.
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weaker Fe—C bond and easier *CO adsorption in Fe,—Ns—C-0
compared to Fe,—N,—C.

Our study delved into the coordination environment of
dual-atomic Ni, centers in Ni, HDACs, emphasizing the resulted
alteration of electron configurations on electrocatalytic CO,
reduction."™ Through the pyrolysis of a dinuclear nickel
complex, [Ni,(L;),(L,),(H,0),]1-2H,0 (where L, represents adenine
and H,L, denotes malonic acid), alongside carbon black and
dicyandiamide at temperatures of 700, 800, and 900°C
respectively, three distinct Ni, implanted N-doped carbon
catalysts were synthesized, namely Ni,-N, Ni,-N;C,, and Ni,-N,C,
(represented as NiyN,C,; Figure 4a). Aberration corrected
HAADF-STEM images of Ni,-N,C, vividly revealed a preponder-
ance of Ni atoms secured onto the N-doped carbon. Especially
noteworthy were the conspicuous paired bright dots, which can
be ascribed to dual-atomic Ni, spaced at an approximate
distance of 3.1 A (Figure 4b). The Ni K-edge XANES spectra
further elucidated that all these catalysts have energy absorp-
tion thresholds situated between those of Ni foil and NiO,
indicating that the Ni valence oscillates between 0 and +2.
Sequentially, a discernible energy shift towards the higher end
was observed for Ni,-N;C,, Ni,-N;C,, and Ni,-N,. The extended X-
ray absorption fine structure (EXAFS) analysis corroborated that
the dual-atomic Ni sites in Ni,-N;C, are bridged by a single N
atom (Figure 4c). These configurations showcased an electronic
structure that had been fine-tuned by varying the coordination
environment around the dual-atomic Ni, center.

Significantly, the Ni,-N;C, configuration demonstrated ex-
ceptional electrocatalytic activity for CO, reduction, outperform-
ing its single-atom Ni catalyst counterpart as well as other Ni,
HDACGs. At a potential of —0.60V, the Ni,-N;C, achieved a
current density of 151.26 mA cm™ and a CO selectivity of
96.4%, underscoring its superior performance in electrocatalytic
CO,RR. Furthermore, Ni,-N;C, exhibited a higher current density
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Figure 4. (a) Scheme of one-step pyrolysis strategy for the fabrication of Ni,-
N,C, catalysts for electrocatalytic CO, reduction to CO. (b) Aberration
corrected HAADF-STEM image of Ni,-N;C,. (c) EXAFS fittings and (inset)
optimized models for Ni,-N;C,. Reprinted with permission from Ref. [16]
Copyright 2022, John Wiley and Sons.
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than Ni,-N; and Ni,-N;C,, following the sequence of Ni,-N;C,>
Ni,-NsC, > Ni,-N; (Figure 5a). And the FE., of Ni,-N;C, consis-
tently scored high across a potential range of —0.68 to —1.08 V,
peaking at an impressive 98.9% at —0.88 V vs. RHE, a value that
significantly surpassed that of Ni-N,C, (Figure 5b).

DFT calculations offered deeper insights into the remarkably
enhanced activity of Ni-N;C, in electrocatalytic CO, reduction
to CO. Within this structure, one Ni serves as the active site in
CO,RR, while the other contributes to the CO,RR by refining the
electronic structure of the active site, amplifying CO,RR
efficiency (Figure 5¢c). The high electrocatalytic activity of Ni,-
N,C, for CO, reduction could be attributed to the electronic
structure modulation to the Ni centre and the resulted proper
binding energies to COOH* and CO* intermediates (Figure 5d).
Thus, meticulous modulation of the coordination environment
of the catalytic center in DACs can critically influence the
electrocatalytic properties of DACs, with the Ni,-N;C, config-
uration emerging as a leading contender in the efficient CO,RR.

Summary and Outlook

The concept underscores the pivotal role of homonuclear dual-
atomic sites configurations in enhancing CO,RR activity. Dual-
atomic configurations present a promising avenue in the realm
of electrocatalytic reduction of CO,. However, challenges still
persist. The synthesis of diatomic catalysts is intricate due to
the intrinsic properties of substrate, which lead to unevenly
dispersed diatomic sites. Addressing this requires innovations in
spatial constraints, defect engineering, and metal-support
coordination. Additionally, capturing the complex valence shifts
of active sites during reactions is challenging, necessitating
advanced in situ characterization techniques to unravel struc-
ture-activity nuances. Currently, the applications of diatomic
catalysts in CO, reduction are limited mostly to C1 and C2
products. Incorporating elements like Cu, Sn, Bi, and Sb could

1)
=a

o

9
S

. g
40 NizN, = 60 —=—Ni-N,
—Ni;-NC 8 L
60 NG, 5 NN,
—Ni 5 a0 K
,NC,
NiN.C w —A—Ni-N,C,
NG - v Ni-NC
80 20 2C,

. Current density (mA~cml'2)

05 06 07 08 09 40 441 A2
Potential (V vs. RHE)

42 40 08 06 04 02 00
Potential (V vs. RHE)

—NiN,
—Ni-N,C,
—NiN,C,
—Ni-NC,

= € co, COOH*  CO* co

2

Figure 5. (a) LSV curves and (b) FEs of CO at different applied potentials for
Ni,-N,C, and Ni-N,C, in the CO,-saturated 0.5 M KHCO; electrolyte in the H-
type cell. (c) Proposed reaction paths for the electroreduction of CO, to CO
over Ni,-N;C,. (d) Free energy profiles of the electroreduction of CO, to CO

of Ni sites for Ni-N,C, and Ni-N,C,. Reprinted with permission from Ref. [16]
Copyright 2022, John Wiley and Sons.
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diversify hydrocarbon product outputs. Through precise atomic
modulation and electronic interactions, not only can the
reduction process of CO, be optimized, but invaluable insights
can also be provided for future electrocatalytic applications. To
achieve more efficient and sustainable CO, transformations,
future endeavors should further explore and refine these
configurations.
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