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Single-atom catalysts (SACs) have emerged as attractive materials for the electrocatalytic carbon dioxide
reduction (ECO2R). Dual-atom catalysts (DACs), an extension of SACs, exhibit more compelling functionalities
due to the synergistic effects between adjacent metal atoms. However, the rational design, clear coordination
mode, and in-depth understanding of heteronuclear dual-atom synergistic mechanisms remain elusive. Herein, a
heteronuclear Ni-Ag dual-atom catalyst loaded on defective nitrogen-rich porous carbon, denoted as Ni-Ag/PC-N,
was synthesized using cascade pyrolysis. The configuration of Ni-Ag dual-atom sites is confirmed as N3-Ni-Ag-Ns.
Ni-Ag/PC-N demonstrates a remarkable CO Faradaic efficiency (FEco) exceeding 90% over a broad range of
applied potentials, i.e., from —0.7 to —1.3 V versus reversible hydrogen electrode (RHE). The peak FEcg of 99.2%
is observed at —0.8 V (vs. RHE). Tafel analysis reveals that the rate-determining step of ECO3R-to-CO is the
formation of the *COOH intermediate, and Ni-Ag/PC-N exhibits optimal electrokinetics. In situ FTIR and in situ
Raman spectra indicate accelerated production of *COOH intermediates during the ECO2R-to-CO process.
Density functional theory (DFT) calculations demonstrate that the coordinated Ni atom lowers the energy barrier
of *COOH intermediates formation over the Ni-Ag/PC-N surface, while the adjacent Ag atom mitigates the
catalyst poisoning caused by the strong *CO affinity on the Ni atomic site.

1. Introduction

The excessive utilization of fossil fuels and the resulting emissions of
high levels of carbon dioxide (CO) have led to significant environ-
mental issues such as energy shortage and global warming [1,2]. To
address these global challenges, researchers have turned their attention
to electrocatalytic carbon dioxide reduction (ECO2R) as a promising
technology for converting CO5 using renewable electricity [3]. ECOsR
has the potential to decouple the production of chemical feedstocks from
CO4 emissions, thereby achieving carbon neutrality [4-6]. However,
ECO2R faces several obstacles, including high energy barriers and low
selectivity (often measured by Faradaic efficiency, FE). These limitations
arise from the chemical inertness and thermodynamic stability exhibited
by CO4 molecules, as evidenced by the substantial bond enthalpy of the
C=0 double bond, which amounts to 806 kJ mol ! [7,8]. To overcome

these challenges, there is a pressing need to develop efficient electro-
catalysts that exhibit high activity and selectivity in CO5 conversion.
Thus far, researchers have reported various metal-based catalysts with
different sizes, such as bulk materials, nanoparticles, sub-nano clusters,
and single-atom catalysts (SACs), for the conversion of CO5 into valuable
hydrocarbons [6,9]. However, only a limited number of catalysts have
exhibited excellent activity and FEs, along with a clear structur-
e—function relationships.

Transition metals such as Ni, Ag, Co, Fe, when dispersed atomically
and anchored on nitrogen-rich porous carbon, have gained significant
attention as a novel type of SACs for CO2 recycling [10-22]. These
catalysts are favored for their efficient atomic utilization and the pres-
ence of uniform catalytic sites. Among the various Metal-Nitrogen-
Carbon (M—N-C) catalysts reported, Ni;-Ny-Gy sites have demon-
strated high FEs towards CO (FE¢p) at low applied potentials, e.g., Ni-
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NG: 95.0% at —0.73 V vs. reversible hydrogen electrode (RHE) [23] and
Ni-N3-V: 96.1% at —0.66 V vs. RHE [24]. However, the strong binding of
*CO on Ni atomic site poses challenges for CO desorption and catalyst
poisoning [25,26], leading to a sharp decrease in selectivity at higher
applied potentials (over —1.0 V vs. RHE) [27,28]. Meanwhile, previous
studies have reported that Ag;-Nx-Cy can effectively suppress hydrogen
evolution reaction (HER) and enhance CO desorption owing to its
unique electronic structure [29,30]. However, it has lower-than-desired
selectivity and a high energy barrier for *COOH formation during
ECO2R-t0-CO, e.g., FEco of Ag1-G: 79.2% at —0.70 V vs. RHE [31]; FEco
of Ag-N-C-1: ~70% at —0.85 V vys. RHE [32]. In comparison to SACs,
dual-atom catalysts (DACs) show greater potential for improved activity
and selectivity in ECO2R due to the synergistic interactions between
adjacent metal atoms [13-17,21,33]. To optimize the performance of
DACs in terms of activity and FEs, it is essential to establish the rela-
tionship between the catalysts’ active site and its ECO2R-to-CO perfor-
mance. Accordingly, real-time detection of reaction intermediates and
products during ECO2R plays a crucial role in elucidating this structur-
e-function relationship [34-37]. Traditional characterization tech-
niques are unable to capture the reaction intermediates on the catalyst
surface due to the rapid reaction kinetics of ECO2R and the complexity
and low concentration of these intermediates. Therefore, in situ spec-
troscopy and density function theory (DFT) have been employed to
monitor the intermediate states in real-time and calculate the energy of
absorbed intermediates [36,38,39].

In this work, we employed a cascade-anchored pyrolysis strategy to
precisely synthesize efficient electrocatalyst for ECO2R-to-CO. The
constructed catalyst, denoted as Ni-Ag/PC-N, consists of atomically
dispersed Ni-Ag sites embedded in a defective nitrogen-rich porous
carbon matrix. To validate the specific coordination model of the cata-
lytic sites on Ni-Ag/PC-N, we conducted X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopy. The results indicate that the active site consists of
two adjacent Ni and Ag atoms, each is coordinated to three nitrogen
atoms and firmly anchored to the defective PC-N matrix, forming the N3-
Ni-Ag-N3 coordination. Remarkably, Ni-Ag/PC-N exhibits superior
ECO2R performance over a wide potential window (600 mV), reaching a
peak FE¢p of 99.2% at —0.8 V vs. RHE, with a partial current density of
~ 13 mA cm 2. To further understand the underlying mechanisms, in
situ FTIR and in situ Raman spectra were used to confirm that the Ni-Ag/
PC-N surface effectively stabilizes *COOH intermediates, leading to the
production of CO via synergistic effects. Further, DFT calculations pro-
vided insights into synergistic effects of the coordinated Ni-Ag pairs.
These effects not only lower the energy barrier for *COOH formation on
single Ag atoms but also prevent the potential catalyst poisoning effect
caused by the high *CO affinity on single Ni atoms. This synergistic
facilitation of DACs addresses the common issues associated with SACs
and offers promising ways for the precise design and synergetic engi-
neering of atomically dispersed catalysts for ECOsR.

2. Experimental
2.1. Synthesis of PC carriers

The porous carbon samples were prepared via a typical synthesis
procedure [40]. Initially, a total of 800 mg of sodium citrate tribasic
hydrate (NagCe¢Hs07-3H20, AR) underwent pyrolysis in a porcelain
boat. This process was conducted within a tube furnace that operated
under an argon atmosphere at a flow rate of 100 sccm. The temperature
was gradually increased at a rate of 10 °C per minute, and the pyrolysis
occurred at a temperature of 800 °C for a duration of one hour. The
resulting black solid was rinsed using dilute H2SO4 (0.5 M) to remove the
sodium carbonate until no bubbles were observed. The black carbon was
then filtered and washed three times with deionized water. Subse-
quently, the PC sample with a 3-D honeycomb structure was prepared by
drying it at 80 °C for a period of 6 h.
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2.2. Synthesis of diatomic Ni-Ag/PC-N catalyst

All catalyst samples were prepared using a previously reported
synthesis procedure, with a minor modification [40]. In brief, 1.2 g of
freshly prepared PC, along with 1.5 mmol of silver nitrate, 67 mmol of
a-D-glucose, and 1.5 mmol of nickel nitrate hexahydrate, were mixed
with 50 mL deionized water and subjected to ultrasonic treatment for a
duration of 2 h. Following this, the resulting solid-liquid mixture was
centrifuged twice at 7000 rpm and the remaining solution was slowly
decanted off. The moist solids were placed in an oven at 70 °C to dry
overnight. The dehydrated mixture was then blended with melamine in
a mass ratio of Mpixture: Mmelamine = 1:5. Finally, the mixture was py-
rolyzed under an Ar atmosphere at a flowrate of 100 sccm, with a
heating rate of 10 °C per min, at a temperature of 800 °C for a duration
of 2 h, resulting in the formation of Ni-Ag/PC-N.

2.3. Synthesis of control catalysts

In order to conduct controlled experiments, catalysts of Ni/PC-N and
Ag/PC-N were fabricated in the same manner as described above, with
the exception of adding only 3.0 mmol of nickel nitrate hexahydrate and
3.0 mmol of silver nitrate, respectively. Additionally, PC-N and Ag-Ni/
PC were prepared following a similar procedure, excluding the addi-
tion of metal salts and melamine, respectively.

The details of applied chemicals, catalysts characterizations and in
situ electrochemical spectroscopy measurements involved in this work
are provided in the Supporting Notes.

2.4. Preparation of electrode

A total of 10 mg of catalyst, which includes varieties such as Ni-Ag/
PC-N, Ni/PC-N, Ag/PC-N, Ni-Ag/PC, PC-N or PC, was dispersed within a
mixture containing 50 pL of Nafion solution (5 wt%) and 1950 uL of
isopropanol, and sonicated for over 1 h. The resulting catalyst slurry,
amounting to 100 pL, was then added dropwise on a pre-cleaned carbon
paper measuring 1 x 1 cm (GDS 180 s, CeTech Co., Ltd) and thoroughly
dried in a vacuum oven set at 60 °C.

2.5. Electrochemical performance tests

All electrolysis experiments were conducted within a hermetically-
sealed H-type cell (Fig. S1). The cell consists of two compartments,
namely the anode chamber and cathode chamber, both with a volume of
50 mL. These compartments were separated by a proton exchange
membrane, specifically Nafion-117 from Chemours, which allows only
hydrated hydrogen ions to pass through. The electrolysis process
employed a three-electrode configuration. In the cathode chamber, the
working electrode was a treated carbon paper measuring 1 x 1 cm,
while the reference electrode was an Ag/AgCl electrode saturated with
3 M KCL. Additionally, platinum sheet electrodes measuring 2 x 2 cm
served as the counter electrode in the anode chamber. Both chambers
contained a 30 mL aqueous solution of 0.1 M KHCOs, which was satu-
rated with CO2 and had a pH of approximately 6.8. To prevent air
bubbles from adhering to the electrode surface, a stirrer maintained a
speed of 800 rpm in the cathode chamber. An electrochemical work-
station, specifically the Garmry Ref. 3000™, was used to monitor the
electrolysis processes and collect electrochemical data. Prior to each
electrolysis, a high-purity CO, was fed into the chamber at a flow rate of
30 scem for at least 40 min to ensure a saturated electrolyte. All potential
measurement s were converted to potentials relative to the reversible
hydrogen electrode (RHE) with manual iR,, compensation, following the
equation below:

E (vs. RHE) = E (vs. Ag/AgCl) + 0.0591 x pH + 0.210 — iR, x 0.85.

Prior to each electrochemical CO, reduction, at least five CV scans
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were conducted until the curve was smooth to activate the electro-
catalyst and eliminate any organic matter present on the electrode
surface. The potential range for these scans was set from —0.6 to —2.0 V,
reference to Ag/AgCl. Throughout the electrolysis process, high-purity
CO3 (99.999%) was continuously purged into the cathode chamber at
a flow rate of 25 sccm. To monitor the resulting gas product (Hs, CO,
CH4 and CHy), a gas chromatography (GC) inlet was firmly connected
to the cathode chamber, enabling real-time detection. The GC system
utilized for identification and quantitative analysis of these gas products
was the Agilent 8890B, equipped with both a flame ionization detector
(FID) and a thermal conductivity detector (TCD). By employing the raw
data obtained from GC, the Faradaic efficiencies of the various gas
products were determined using Eq. S1.

Linear sweep voltammetry (LSV) measurements were performed in
two different solutions: one saturated with CO, and the other saturated
with Ar, both at a concentration of 0.1 M KHCOs. The potential range of
the scans was set from 0 to —1.2 V (vs. RHE), with a constant scan rate of
0.1 V s1. Normally, the electrochemically active specific surface area
(ECSA) was found to be directly proportional to the double-layer
capacitance (Cq). To determine the Cq, CV scans were initially
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performed within the non-Faradaic interval (Eopen-circuit £ 0.05 V) at
various scan rates (20, 40, 60, 80, 100 and 120 mV s7h. Subsequently,
the non-Faradaic currents (Aj = (j, — j.)/2) were plotted at open-circuit
potential against the scan rate to obtain the Cgj, where j. and j, repre-
sents the cathodic and anodic current, respectively. Additionally, hy-
droxide adsorption experiments were performed by conducting
oxidative LSV scanning in a 1 M KOH solution saturated with Ar, within
a potential range of 0.3 to —0.8 V (vs. RHE) at a scan rate of 5 mV s L
The Tafel slope was determined by fitting a straight line using the log-
arithm of the CO partial current density (jco) as the horizontal coordi-
nate and the overpotential () as the vertical coordinate, following Eq.
S2.

3. Results and discussion
3.1. Synthesis and characterization of prepared catalysts
The desired Ni-Ag/PC-N materials were synthesized applying a

sequential pyrolysis approach with anchoring in a cascade manner
[40,41]. Fig. 1a demonstrates the production of porous carbon (PC)
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Fig. 1. a) Schematic illustration of the synthesis process of Ni-Ag/PC-N; b) SEM image of PC, ¢) TEM and d) HRTEM image of Ni-Ag/PC-N. Several lattice distortions
are marked with yellow circles; e) SAED pattern of Ni-Ag/PC-N; f) AC-HAADF-STEM images of Ni-Ag/PC-N. Some observed atom pairs are highlighted with red
dashed lines; g) AC-HAADF-STEM and h) Corresponding elemental mapping of Ni, Ag, C and N for Ni-Ag/PC-N. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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with a high specific surface area and abundant defects through the py-
rolysis of carbon substrates, specifically sodium citrate, which is a more
cost-effective alternative to graphene. The PC material was subjected to
sulfuric acid washing to eliminate any inorganic impurities, resulting in
a 3-D honeycomb-like morphology with ample oxygen-containing
groups (Fig. 1b) [40]. Subsequently, the metal salt solution and
chelating agent, alpha-D-glucose, were ultrasonically mixed to effec-
tively separate and sequester each metal ion using the domain-limiting
effect. It is worth mentioning that the controlled molar ratio of Ni ions
to silver ions in the precursor impregnation solution was set at 1:1,
aiming to promote the formation of as many Ni-Ag dual-atom pairs as
possible to maximize their synergistic effect. The as-prepared PC mate-
rial was introduced to the mixed solution, allowing the chelated metal
ions to be chemically anchored to the PC’s oxygen-rich and defect-rich
surface. The resulting solid-liquid mixture underwent sequential ultra-
sonic dispersion, high-speed centrifugation, and decanting, followed by
thorough drying in a vacuum. Prior to the second pyrolysis step, the PC
material, anchored with metal complexes, was physically ground and
thoroughly mixed with the nitrogen source material, melamine. During
pyrolysis, the chelated metal complexes decomposed at approximately
500 °C, forming residues that prevented the aggregation of metal atoms.
Furthermore, these protected metal atoms combined with the carbon-
-nitrogen species (PC-N) from melamine decomposition at around
800 °C, resulting in the formation of the M—N—C coordination.

Based on the powder X-ray diffraction (PXRD) pattern (Fig. S2), it
can be observed that the PC, Ni/PC-N, and Ni-Ag/PC-N samples all
exhibit only two broad peaks at approximately 24.1° and 44.1°, indi-
cating the presence of graphitic carbon and absence of any crystalline
impurities or metal particles. However, in the PXRD pattern of Ag/PC-N,
characteristic diffraction peaks of Ag are observed. The excessive con-
centration of Ag precursor solution results in the formation of Ag clusters
under the same synthesis conditions. This phenomenon is evident in the
tendency of free Ag atoms generated during pyrolysis to diffuse and
aggregate into clusters on the PC-N surface. Conversely, when the con-
centration of AgNOs was reduced and Ni atoms were introduced to
achieve their coexistence and distribution on PC-N, the diffusion of Ag
atoms is restricted, and they are stabilized by the nearby Ni atoms
[14,32]. The PC-N and Ni-Ag/PC-N samples show a three-dimensional
honeycomb-like porous structure, as observed in the scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images
(Fig. 1b, S3—S6). This porous structure facilitates mass transfer during
ECO3R [26].

Furthermore, the lamellar morphology of the dispersed Ni-Ag/PC-N,
which is characteristic of pyrolyzed carbonaceous materials and favors
single-atom loading, is evident in the high-resolution transmission TEM
(HRTEM) images (Fig. 1c and S6). Notably, the HRTEM image (Fig. 1d)
reveals distinct lattice-distortion defects in the carbon substrate, marked
by yellow circles, possibly attributed to the coordination of dispersed
Ni/Ag hetero-diatomic pairs with N atoms during the stepwise carbon-
ization process. Additionally, Fig. le presents a selected area electron
diffraction (SAED) image of the Ni-Ag/PC-N sample, displaying a ring
pattern indicative of amorphous carbon, consistent with the PXRD
pattern. For a closer examination of the distribution of metal single-
atoms, aberration-corrected high-angle annular dark field scanning
transmission electron microscopy (AC-HAADF-STEM) images confirm
the uniform dispersion of Ni and Ag sites, measuring approximately
0.15 nm in size, in the Ni-Ag/PC-N sample (Fig. S7).

Interestingly, the presence of neighboring dual-dot sites is observed
and circled by the red dashed line, providing indications of the existence
of diatomic sites (Fig. 1f and S7). Energy dispersive X-ray spectroscopy
(EDS) analysis further confirms the uniform distribution of Ni, Ag and N
elements on the carbon matrix without any aggregation (Fig. 1g, h and
S7). Besides, inductively coupled plasma mass spectrometry (ICP-MS)
results demonstrate that the mass percentages of Ni and Ag in Ni-Ag/PC-
N are 0.46% and 6.60% (7.06% in total), respectively, which are higher
than those of Ni/PC-N (0.69%) and Ag/PC-N (2.96%) (Table S1). This
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higher metal loading capacity of Ni-Ag/PC-N can be attributed to the
interaction between Ni and Ag species, which stabilize each other and
form coordinated heteronuclear dual-metal sites [20,42]. Additionally,
the intensity ratio of the D-band to G-band (Ip/I;) obtained from Raman
spectroscopy serves as an indicator for structural imperfections in car-
bon materials. The Raman spectra display two prominent peaks at
around 1338 and 1589 cm ™}, corresponding to the in-plane stretching
vibration of C-atoms sp? hybridization and defects within the C-atom
lattice, respectively [28,32,43].

Fig. 2a indicates that the concentration of inner defects in PC, PC-N
and Ni-Ag/PC-N significantly increases during cascade pyrolysis pro-
cesses (Ip/Ig = 0.97,1.01 and 1.08, respectively). This indicates that the
abundance of defects in the carbon matrix facilitates the reaction ki-
netics during electrocatalytic reactions [44]. Furthermore, the Ni-Ag/
PC-N sample possesses a high Bruno-Emmett-Teller (BET) specific sur-
face area of 303 m? g~ compared to the other samples (Table $2) due to
its porous and defective structure formed during the stepwise carbon-
ization process [32]. The N5 adsorption isotherms confirm the presence
of layered mesopores and micropores in the sample, which greatly en-
hances mass transfer during the ECO2R process (Fig. 2b) [45].

Additionally, the CO5 adsorption isotherms demonstrate that the Ni-
Ag/PC-N catalyst has a higher CO, adsorption capacity of 1.02 mmol g !
compared to PC (0.60 mmol g’l) and PC-N (0.55 mmol gfl), indicating
more CO, molecules can be adsorbed on its surface (Fig. 2¢) [32].
Electron paramagnetic resonance (EPR) spectroscopy is commonly uti-
lized to characterize the defect properties of M—N—C materials. All four
samples exhibit similar characteristic peaks in their EPR spectra, witha g
factor of 2.002. These peaks are associated with unpaired electrons on
the conjugated CN aromatic ring [46]. The source of these unpaired
electrons can be attributed to C-vacancies, with the highest concentra-
tion of C-vacancies observed in the Ni-Ag/PC-N samples (Fig. 2d). The
presence of an abundance of unpaired electrons from C-vacancies at the
interface enhances the electronic properties of Ni-Ag/PC-N and creates
potential catalytic sites for ECO5R, thereby leading to its exceptional
catalytic performance [47].

3.2. Atomic structure of Ni-Ag/PC-N catalysts

X-ray photoelectron spectroscopy (XPS), X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopy techniques provide valuable insights into the
valence information and coordination environment of the metal centers
in Ni-Ag/PC-N. The N 1 s spectrum obtained from the high-resolution
XPS analysis of Ni-Ag/PC-N (Fig. 2e) reveals five distinct peaks repre-
senting different nitrogen species: pyridinic-N (398.3 eV), metal-N
(399.6 eV), pyrrolic-N (400.0 eV), graphitic-N (400.9 eV) and
oxidized-N (401.7 eV) [14,15,17]. Notably, the as-prepared materials
show porphyrin-like moieties at 399.6 eV, which are assigned to metal-
nitrogen (M—N) coordination. Moreover, the area proportion of char-
acteristic M—N peaks (399.6 eV) increases with the higher mass per-
centage of the metal element in the catalyst (Fig. 2e, Table S1) [21],
suggesting the coexistence and stabilization of Ag and Ni species are
primarily coordinated to nitrogen rather than forming nanoparticles or
clusters [20]. This observation, combined with the high density of
atomic pairs observed (Fig. 1f), supports the postulation of the forma-
tion of Ni/Ag dual-metal sites in the Ni-Ag/PC-N sample. Further anal-
ysis of the XPS curves of Ni 2p and Ag 3d reveals that the Ni 2p3» peak in
the Ni-Ag/PC-N sample appears at around 854.90 eV, between the Ni®
2ps3,/2 (—852.9 eV) and Ni%+ 2p3 2~ (—856.0 eV) peaks. Similarly, the Ni
2p1 /2 peak (~872.48 eV) falls within the interval of Ni° 2pi1/2 (~870.5
eV) and Ni2* 2p; 5 (~873.5 eV) (Fig. S8a) [7,28,34]. The Ag 3d XPS
spectrum exhibits two peaks at approximately 374.08 eV and 368.2 eV,
corresponding to Ag 3ps,2 and Ag 3ps/, respectively. These peaks have
higher binding energies compared to Ag® 3ds/» (~373.4 eV) and Ag®
3ds,3 (~368.0 V) and are close to Ag*! 3ds s~ (~374.3 eV) and Ag™?
3ds/2~ (~368.3 eV) (Fig. S8b) [30,31]. In summary, the chemical state
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of Ni 2p in the Ni-Ag/PC-N sample lies between 0 and + 1, while Ag 3d
exhibits a chemical state above 0 and close to + 1, which aligns with the
commonly estimated valence state of SACs (Figs. S8—S10).

In order to gain a comprehensive understanding of the coordination
modes and chemical states of the Ni and Ag centers in Ni-Ag/PC-N,
additional XANES and EXAFS measurements were conducted. The Ni
K-edge XANES results (Fig. 3a) show that the adsorption threshold of
the Ni-Ag/PC-N sample lies between that of the Ni foil and the NiO
standard samples. This observation provides valence information for
Ni®* (0 < & < 2) in the Ni-Ag/PC-N samples, which aligns with the
previously obtained XPS results [26,28]. Additionally, the inset of
Fig. 3a highlights the leading edge feature at approximately 8336 eV,
indicating the hybridization of the 3p and 4p orbital of the Ni central
atom [7]. The higher peak intensity in Ni-Ag/PC-N, resulting from the
distorted D4y, symmetry, is comparable to the nickel phthalocyanine (Ni-
Pc) standard sample [7]. These observations suggest that the Ni center in
Ni-Ag/PC-N exhibits a typical metal-nitrogen (M—N,) coordination
similar to that of the Ni-Pc standard, but with the distortion of the Dy
symmetry attributed to another metal-metal (M;-Mj) coordination
[42]. Furthermore, the Ag K-edge XANES results on the same samples
demonstrate that the intensity of the Ni-Ag/PC-N samples is greater than
that of the Ag foil and slightly less intense than the Ag,O standard
samples (Fig. 3b). This indicates that the valence information of Ag'" (0
<y < 1) in the Ni-Ag/PC-N is consistent with the results obtained from
the XPS analysis.

The comparison between Ag foil and Ni-Ag/PC-N reveals that the
absorption edge position of Ni-Ag/PC-N is skewed towards the higher
energy side. This indicates that the Ag species are positively charged and
firmly attached to the surface of the PC-N carrier as electron donors, thus
forming M—Nj sites [32]. The Fourier transform (FT) K weighted EXAFS
spectra were further employed to provide more detailed information
about the M—Ny and M;-Ms coordination mentioned earlier. Through
comparison with other standard samples (Fig. 3c), it is observed that the
peaks at 1.30 A and 2.33 A in the K?-weight FT spectra from Ni K-edge
EXAFS can be attributed to M—Ny and M;-M; coordination, respectively.
Notably, the characteristic peak at 1.30 A may be ascribed to Ni-N, as
evidenced by the comparison with the FT curve of the Ni Pc sample.
Interestingly, the M;-M; peak observed for Ni-Ag/PC-N at 2.33 A is not
found in the Ni foil and NiO standard samples, providing further evi-
dence for the presence of Ni-Ag coordination. Similarly, the K>-weight
FT spectra from Ag K-edge EXAFS of the same Ni-Ag/PC-N samples
exhibit peaks at 1.10 A, 1.68 A and 2.57 A, which can be assigned to Ag-
C, Ag-N and Ag-M coordination, respectively (Fig. 3d). In contrast to the
Ag foil reference spectrum, the peak at 2.70 A for the Ag-Ag coordina-
tion is not detected in Ni-Ag/PC-N, thereby confirming that the coor-
dination mode of M;-M; as an Ag-Ni coordination.

To support the arrangement of Ni-Ag dual-atom sites on PC-N,
wavelet transforms (WTs) were performed using high-resolution in R-
space and k-space (Fig. 3e and f). The WT-EXAFS contour plots of the
Ni-Ag/PC-N sample, both at the Ni K-edge and Ag K-edge, show peak
intensities at approximately 4.3 A~ which corresponds to the Ni-N and
Ag-N coordination [17,31]. Furthermore, a sub-maximal intensity at
around 6.2 A~ indicates the presence of heteronuclear dual-atom Ni-Ag
coordination in Ni-Ag/PC-N, which is noticeably different from the Ni-
Ni coordination (7.6 10\_1) and Ag-Ag (7.2 10\_1) coordination in Ni foil
and Ag standard samples (Fig. 3g and S11) [7,32]. By fitting the results
to Ni K-edge EXAFS and Ag K-edge EXAFS, quantitative coordination
information regarding Ni and Ag atoms in Ni-Ag/PC-N is obtained. The
analysis of Ni K-edge EXAFS reveals a coordination number of 3.1 for Ni-
N bonding and a coordination number of 1.0 for Ni-Ag bonding (Fig. 3e
and Table S3). Similarly, the fitting results of Ag K-edge EXAFS con-
firms an Ag-N coordination number of 3.3 and an Ag-Ni coordination
number of 1.5 (Fig. 3f and Table S4). In summary, the local coordi-
nation conformation of the heteronuclear Ni/Ag dual-atom site in Ni-
Ag/PC-N is quantitatively determined as N3-Ni-Ag-N3 coordination.
Both the Ni foil and Ag standard samples exhibit a coordination number
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of 12, indicating the atomic dispersion of Ni and Ag species in the Ni-Ag/
PC-N samples. This observation aligns with the previously discussed
characterization findings, including XRD, HADDF-STEM, XPS, and other
relevant analyses.

3.3. Electrocatalytic performance of catalysts

The electrocatalytic performance of the catalysts (Ni-Ag/PC-N, Ni-
Ag/PC, Ni/PC-N, Ag/PC-N, PC-N, PC) was initially evaluated by linear
sweep voltammetry (LSV) in a conventional gastight H-cell reactor in a
CO2-and Ar-saturated 0.1 M KHCOj3 solution. The current density in this
study was standardized to the electrode’s geometric surface area.
Among the synthesized catalysts, Ni-Ag/PC-N exhibits the lowest
applied potential of —0.72 V to achieve a current density of 10 mA cm ™2
in a COg-saturated electrolyte. In comparison, the applied potentials
required to maintain the same current density for Ni/PC-N, Ni-Ag/PC,
Ag/PC-N, PC-N, and PC are —0.82, —0.98, —1.06, —1.07, and —1.08 V,
respectively (Fig. 4a). Notably, when comparing the LSV curves of Ni-
Ag/PC-N in Ar- and COs-saturated electrolytes, a significant increase
in current density and onset potential are observed (Fig. 4a). This sug-
gests that the Ni-Ag/PC-N catalyst demonstrates sensitivity to the
presence of COy molecules in the electrolyte and exhibits effective
electrocatalysis for CO, reduction rather than HER [20]. To gain a more
comprehensive understanding of the ECOsR activity and the product
distribution across six as-prepared catalysts, potentiostatic CO2 elec-
trolysis was conducted at potentials ranging from —0.7 V to —1.3 V (vs.
RHE) for 2 h at 0.1 V intervals. The gas and liquid products were
detected by online gas chromatography (GC) and offline nuclear mag-
netic resonance (NMR) spectroscopy. The calibration curves for the
various gas products and the original chromatograms are included in the
Supporting Information (Figs. $12 and S13). The results reveal that the
quantified gas products, CO and Hj, exhibit a total Faradaic efficiency
close to 100%.

The results depicted in Fig. 4b and S14 exhibit that Ni-Ag/PC-N
maintains a high FE¢o above 90% within the potential range of —0.7
V to —1.3 V (vs. RHE). Notably, at a potential of —0.7 V, Ni-Ag/PC-N
achieved a FEcp of 94.8%. As the potential becomes more negative,
Ni-Ag/PC-N reaches its peak FE¢o of 99.2% at —0.8 V. However, at an
applied potential of —1.3 V, its FE¢o decreases slightly to 93.1%. This
decrease can be attributed to the limitation of CO5 dissolution in the 0.1
M KHCOs3 solution, which hinders mass transfer, and the increased
participation of electrons in HER [36]. Fig. 4c demonstrates the
dependence of the partial current density (jco) on the operating poten-
tial. At — 0.8 V, the jco of the Ni-Ag/PC-N sample is 12.6 mA cm’z,
which is considerable higher than the jco values of Ni/PC-N (7.3 mA
cm~2), Ag/PC-N (4.2 mA cm™2), Ni-Ag/PC (3.2 mA cm2), PC (2.0 mA
em 2) and PC-N (1.7 mA cmfz), with enhancement factors of 1.7, 3.0,
3.9, 6.3, and 7.4, respectively. This clearly demonstrates the superior
performance of Ni-Ag/PC-N in terms of jco compared to other catalysts.
This remarkable and continuous improvement in the jco of Ni-Ag/PC-N
over Ni/PC-N and Ag/PC-N can be attributed to its excellent conduc-
tivity and high electron selectivity, resulting from the synergistic in-
teractions in the heteronuclear Ni-Ag coordination configuration. These
factors optimize electron transport and facilitates ECO3R-to-CO [14].
Overall, the synthesized Ni-Ag/PC-N exhibits superior ECO2R-to-CO
performance compared to other reported high-performance dual-atom
catalysts for ECOR-to-CO in H-cell, as shown in Fig. 4h and Table S5
[26,28-32,49-51]. Moreover, Ni-Ag/PC-N also exhibits good stability
under 10 h amperometric i-t tests (at —0.8 V vs. RHE, see Fig. S15).

To unravel the underlying factors contributing to the exceptional
catalytic activity of the Ni-Ag/PC-N catalyst, a comprehensive electro-
kinetic study was performed to elucidate the mechanism of CO3 reduc-
tion on the heteronuclear Ni-Ag dual-atom sites. Building upon the
previously reported electrochemical mechanism of CO, reduction to CO,
four fundamental reaction steps can be proposed as shown in the
following equations (* denotes the active site): [34].
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[14-17,19-21,33,48].
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*COOH + H' + e = *CO + Hy0 (1) 3)
*CO — CO (g) + * 4)

The rate-determining step (RDS) in the ECO2R-to-CO process is
heavily influenced by the electrode material’s characteristics, such as
the type of metal center and the coordination environment of the active
sites. To determine the RDS of Ni-Ag/PC-N in the ECO2R process, the
corresponding Tafel slopes of the catalysts were fitted and analyzed.
Remarkably, the Tafel slope of Ni-Ag/PC-N is found to be 36 mV dec™?,
which is lower than that of Ni/PC-N (69 mV dec’l), Ag/PC-N (86 mV
dec_l), Ni-Ag/PC-N (90 mV dec_l), and PC (102 mV dec_l), while the
maximum value observed for PC-N is 103 mV dec ™! (Fig. 4d). This small
Tafel slope of Ni-Ag/PC-N indicates its remarkable kinetic properties in

the ECO2R-to-CO process. Furthermore, the theoretically calculated
Tafel slopes for ECOoR are 118 mV dec ™! (for the single electron transfer
step, ET) and 59 mV dec™! (for the single proton transfer step, PT),
respectively. Notably, the experimentally observed Tafel slope of Ni-Ag/
PC-N closely aligns with the theoretical slope of 59 mV dec™!. This
suggests that the initial ET step (Eq. 1) does not serve as the RDS for this
reaction, while the subsequent PT step (Eq. 2) is a more plausible
candidate for the RDS of the Ni-Ag/PC-N catalyst [20,52]. These
aforementioned findings will be further corroborated and elucidated by
in situ spectroscopy techniques (in situ FTIR and in situ Raman) as well as
DFT calculations.

To gain insights into the underlying factors contributing to the
exceptional electrocatalytic performance, the electrochemically active
surface area (ECSA) of the cathode catalyst was evaluated by quanti-
fying the electrochemical double-layer capacitance (Cq) (Fig. 4e and
§16). The Cq; values obtained follow the order of PC-N (0.9 mF em?) <
PC (1.3 mF em ™ 2) < Ag/PC-N (1.4 mF cm™2) < Ni/PC-N (2.4 mF cm™2)
< Ni-Ag/PC (2.6 mF cm~2) < Ni-Ag/PC-N (4.2 mF cm™~2), which can be



Z. Guo et al.

attributed to the higher metal density and active heteronuclear Ni/Ag
coordination in Ni- Ag/PC-N. These findings further support the elec-
trokinetic properties of Ni-Ag/PC-N that favor the ECO5R-to-CO process,
which is consistent with the observations from the Tafel analysis. Elec-
trochemical impedance spectroscopy (EIS) was also conducted to
examine the kinetic advantages of Ni-Ag/PC-N by analyzing the cata-
lyst’s charge transfer resistance (Ry) obtained from semicircles in the
low-frequency region. The R value of Ni-Ag/PC-N is found to be 101.9
Q, which is lower than that of Ag/PC-N (118.1 Q), Ag-Ni/PC (125.0 Q),
Ni/PC-N (129.7 Q), PC-N (138.7 Q), and PC (162.7 Q) (Fig. 4f and
Table S6). Among these catalysts, Ni-Ag/PC-N exhibits the lowest R¢t
value, indicating more efficient charge transfer and reaction kinetics,
leading to a faster ECO2R-to-CO process (Egs. 1-4). Additionally, the
adsorption affinity of the intermediate *CO% on the electrode surface
was investigated by using OH™ species as a surrogate for *CO?” in the
experiments [53,54]. The adsorption of OH™ was carried out through
oxidized LSV low-rate scan under No-saturated 0.1 M KOH electrolyte.
The OH™ adsorption potentials follow the order of Ni-Ag/PC-N (—0.50
V) < Ni/PC-N (—0.38 V) < Ag/PC-N (—0.31 V) < Ag-Ni/PC (-0.28 V) <
PC(—0.25V) < PC-N (—0.14 V) (Fig. 4g). The Ni-Ag/PC-N catalyst, with
its abundant defects and special heteronuclear Ni-Ag coordination
conformation, exhibits a more negative potential for OH™ adsorption,
indicating the highest binding affinity for the intermediate *CO?" and
promoting the formation of *COOH.

3.4. In situ spectral observations of ECO2R over Ni-Ag/PC-N surface

In order to further validate the conclusions drawn from the Tafel
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slope and OH™ adsorption analysis, a time-dependent in situ FTIR spec-
trum was acquired to examine the details of the reaction intermediates
over the heteronuclear Ni-Ag dual-atom sites. Following a potentiostatic
electrolysis at —1.0 V for a duration of 20 min, a gradual emergence of
absorption peaks ranging from 1200 to 2000 cm ™! is observed (Fig. 5a
and S17). The IR bands at approximately 1400 and 1740 cm™!, corre-
sponding to symmetrical and asymmetrical stretching vibrations in
carbonate groups (HCO3), are attributed to the dissolution of CO; in
water [34]. It is important to note that a significant IR peak at 1547
cm ! is also identified, and its intensity increases remarkably over time.
This absorption peak is believed to represent the carboxyl group of
COOH* (Fig. 5b), which serves as a crucial intermediate in the ECO2R-
to-CO (PT step, Eq. 2) [35,55,56]. This finding demonstrates that the Ni-
Ag dual-atom sites effectively facilitate the activation of *CO3 to form
the intermediate product COOH* and enhance the rate of RDS for
ECOg2R.

In order to support the findings, potential dependent in situ surface-
enhanced Raman spectra were applied to investigate the active sites and
adsorbed intermediates on the Ni-Ag/PC-N catalyst. The applied po-
tential was systematically decreased in increments of 100 mV from
—0.05 to —1.85 V during the in situ Raman spectroscopy test, and data
were also recorded under open circuit potential (OCP) conditions. As
depicted in Fig. 5c, a Raman peak at approximately 249 cm™! is
observed in the low wavenumber region, which could be assigned to the
Ni/Ag-N stretching vibration peak [57]. Moreover, Raman bands at 648
ecm™! and 1060 cm™! are observed, originating from the vibrational
modes of CO%~ (11CO37) in the electrolyte solutions. Although HCO3 is
the dominant carbonaceous species in the applied electrolyte, the
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Fig. 5. a) Time-dependent electrochemical in situ FTIR spectra of the Ni-Ag/PC-N at the potential of —0.8 V vs. RHE. All spectroscopic tests were conducted in CO»-
saturated 0.1 M KHCO3; b) Corresponding 2D contour colour fill to the line plots; ¢) Potential-dependent in situ Raman spectra of the Ni-Ag/PC-N recorded after cyclic
voltammetry (CV) scan at OCP and the applied potential ranges from —0.2 to —1.2 V vs. RHE with the potential interval of 0.1 V for 10 min.
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presence of CO3™ as an adsorbed species could be explained by the
phenomena of physisorption and chemisorption [39]. Apart from the
v1CO%’ peak, Raman bands at 1900 cm ! and 2060 cm ™! are observed,
which could be attributed separately to the vCO of *CO on atop/bridge
sites [38]. Notably, the Raman characteristic peaks at 1380 cm ! and
1623 cm ™! are identified as the C-O stretching and C=0 stretching of the
reaction intermediate *COOH, respectively [37,39]. This in situ Raman
analyses further confirm the preferential nature of Ni-Ag/PC-N with
heteronuclear dual-atom sites for the proton transfer step in the ECO2R-
to-CO process.
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3.5. Theoretical study of heteronuclear Ni-Ag dual-atom for ECO2R

To theoretically unveil the underlying factors contributing to the
enhanced activity of neighboring Ni-Ag sites in ECO2R, DFT calculations
were conducted based on the EXAFS fitting results. Specifically, the
adsorption energy of intermediates on Ni (N3-Ni*-Ag-N3), Ag (N3-Ni-
Ag*-N3) and Ni-Ag (N3-Ni*-Ag*-N3) coordination modes were simu-
lated, using the N3-Ni-Ag-N3 coordination as a basis. The optimal model
with the lowest free energy is determined to be N3-Ni*-Ag-N3, as shown
in Fig. 6a. Additionally, the charge density differences of key
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Fig. 6. a) Schematic of the ECO;R-to-CO mechanism of N3-Ni*-Ag-Ng; b) Charge density difference of intermediates *CO and *COOH on the Ni-Ag/PC-N, Ag/PC-N
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of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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intermediates (*COOH and *CO) over Ni-Ag/PC-N, Ni/PC-N and Ag/PC-
N were calculated, as depicted in Fig. 6b and S18. The results provide
compelling evidence of significant electron interactions occurring
among the dual-atom Ni-Ag pair, coordinated-N atoms, and the *CO/
*COOH intermediates. This observation strongly suggests that the
incorporation of Ni-Ag dual-atom pairs enhances the stabilization of
*CO/*COOH adsorption and effectively reduces the energy barrier
associated with the overall process.

Moreover, the free energy diagrams for ECO2R yielding CO and the
corresponding adsorption modes are revealed to evaluate the selectivity
and reactivity in a specific manner. According to Fig. 6¢, the formation
of *COOH species in the ECO2R-to-CO steps is found to be an endo-
thermic process with energy barriers of 0.64 eV, 0.78 eV, and 1.63 eV for
N3-Ni*-Ag-Ns, Ni-N3, and Ag-N3, separately. This is consistent with the
Tafel results, which indicates that the *COOH formation step is the rate-
determining step. The heteronuclear Ni-Ag dual-atom sites in Ni-Ag/PC-
N decrease the energy barrier by 0.14 eV and 0.99 eV compared to Ni-N3
and Ag-N3s, resulting in higher catalytic activity. Ni-Ag/PC-N exhibits
the lowest adsorption energy for *COOH species. The affinity of CO
species towards Ag/PC-N is notably the lowest, and it exhibits a
decreasing trend from Ni-Ag/PC-N to Ni/PC-N, which aligns perfectly
with the results derived from the difference in charge density (Fig. 6b).
The electron selectivity of the HER and ECO3R, can be quantified by
UL(CO2)—U(Hy) values, whereas Up(CO3) and Up(Hs) denote the
theoretical limiting potentials of ECOoR and HER (U, = —AGy/e),
respectively (Fig. 6d and S19) [14,58,59]. The U (CO2)—Uy(Hy) values
are highest for Ni-Ag/PC-N (0.507 V), followed by Ag/PC-N (0.035 V)
and Ni/PC-N (0.008 V). Among the single-atom counterparts (i.e., Ni/
PC-N and Ag/PC-N), the N3-Ni-Ag-N3 neighboring site shows the most
positive Up(CO2)—UL(Hy) value. These computational findings suggest
that Ni-Ag/PC-N exhibits the best inhibition of HER and the highest
selectivity towards ECO9R, which aligns with experimental observations
such as FEs, ECSA, and OH™ adsorption tests.

In order to gain a deeper understanding of the interactions between
the reaction intermediates (*COOH/*CO) and the synergistic Ni-Ag/PC-
N sites, the projected densities of states (pDOS) for the Ni-3d, Ag-3d, and
C-2p orbitals among the Ni-Ag/PC-N, Ni/PC-N and Ag/PC-N were
computed and analyzed. The results depicted in Fig. 6e and f reveal
clear hybridization between the Ni-3d, Ag-3d, and C-2p orbitals (origi-
nating from *COOH and *CO) among the simulated models, signifying
the presence of strong binding interactions within the coordination
environment. Notably, in contrast to the mononuclear counterparts (Ni:
—2.16 eV and Ag: —2.86 eV), the d-band center of Ni in the hetero-
diatomic Ni-Ag/PC-N adsorbed *COOH (—1.41 eV) approaches the
Fermi level (Ef = 0 eV) more closely. This can be attributed to the
redistribution of charges induced in the Ni-Ag/PC-N model after the
introduction of Ag species, resulting in the narrowing of the d-band gap
of the Ni species in N3-Ni*-Ag-N3 and thus enhancing the electron
mobility and accelerating the formation of *COOH [48]. However, the d-
band center of Ni in Ni-Ag/PC-N adsorbed *CO decreases from —1.20 eV
to —1.59 eV compared to Ni/PC-N adsorbed *CO, indicating a weakened
capability for electron transfer. This suggests a lower binding affinity of
the *CO intermediate at the N3-Ni*-Ag-Nj3 site and a reduced resistance
to CO molecule desorption, which is in close agreement with both the
charge density difference and the free energy calculations [21,60].

Based on the theoretical calculations, it has been determined that Ni/
Ag dual-atom catalysts outperform their single-atom counterparts (i.e.,
Ni/PC-N and Ag/PC-N) in ECO5R-to-CO. The synergistic effects of the
heteronuclear Ni-Ag dual-atom pairs have been explained in detail from
a thermodynamic perspective. When compared to Ni-N3, the introduc-
tion of neighboring Ag atoms eliminates the strong *CO affinity-induced
poisoning effect on Ni atomic sites, as well as the limitations of the CO
desorption step. Further, the inclusion of neighboring Ni atoms signifi-
cantly reduces the energy barrier for the formation of the crucial in-
termediate *COOH compared to Ag atomic sites.
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4. Conclusions

To summarize, we have successfully fabricated a superb Ni-Ag/PC-N
electrocatalyst by the cascade-anchored pyrolysis method, which in-
corporates a layered porous and defective carbon matrix with hetero-
nuclear Ni-Ag dual-atom sites. When tested in a 0.1 M aqueous KHCO3
solution, the Ni-Ag/PC-N exhibits remarkable reactivity in CO produc-
tion. It achieves a high FE¢g of 99.2% at —0.8 V vs. RHE and maintains a
FE over 90% within a wider applied potential window of —0.7 to —1.3 V
vs. RHE. Furthermore, experimentally evidence confirms that the syn-
ergistic Ni-Ag dual-atom sites in the Ni-Ag/PC-N catalyst promote the
physical adsorption of CO; molecules and stabilize bicarbonate species
*CO3. In-depth analyses using in situ FTIR and Raman spectroscopy
reveal that *COOH radicals are of paramount importance as key in-
termediates, further confirming that the conversion of *CO3 to *COOH is
the rate-determining step in the ECO3R-to-CO process, aligns with the
insights gained from Tafel curve analysis. Theoretical calculations using
DFT further support the notion that the construction of Ni-Ag dual-atom
pairs addresses some intrinsic issues of Ni-/Ag-SACs, such as reducing
the affinity of *CO to Ni atoms and lowering the adsorption energy
barrier of *COOH to Ag atoms. This study establishes a general synthesis
pathway for the symbiotic formation of heteronuclear dual-atom sites,
which can greatly enhance the ECO2R process. Furthermore, the com-
bination of electrochemical experiments, in situ spectroscopy, and DFT
calculations provide a comprehensive approach for understanding the
synergistic effect within DACs and exploring the structure-function
relationship between DACs and ECO2R.
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