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The electrochemical reduction (ECR) of CO, is a promising approach for CO, removal and utilization, which
is a critical component of the circular carbon economy. However, developing efficient and selective
electrocatalysts is still challenging. Single-atom catalysts (SACs) have gained attention because they offer
high metal atom utilization and uniform active sites. However, tuning the active metal centres to achieve
high activity and selectivity in CO, reduction remains a significant challenge. This study presents a novel
electrocatalyst (Co—-Ni—N-C) for CO, ECR on the diatomic metal-nitrogen sites prepared through ion
exchange using a zeolitic imidazolate framework (ZIF) as a precursor. During pyrolysis, nitrogen-doped
graphitic carbon serves as the host material, anchoring the diatomic Co—Ni sites. The resulting bimetallic
active sites demonstrate exceptional performance, achieving a high CO yield rate of 53.36 MA MQgca

and an impressive CO faradaic efficiency of 94.1% at an overpotential of —0.27 V. Spectroscopic,
Received 18th September 2023 . . 44 ity f ti th (DFT) | llectivel il th ial isti l
Accepted 17th January 2024 microscopic, and density functional theory analyses collectively unveil the crucial synergistic role
of the Co-Ni-Ng moiety in promoting and sustaining exceptional electrocatalytic activities. The

DOI: 10.1039/d3ta05654f successful utilization of bimetallic sites in enhancing catalyst performance highlights the potential of this
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Introduction

The electrochemical reduction of carbon dioxide (CO, ECR) to
value-added fuels and chemicals could enable a shift toward
a sustainable energy economy and chemical industry.* Electro-
catalysts are crucial to CO, ECR research due to their potential
to convert CO, selectively and efficiently, offering both envi-
ronmental and economic benefits. A plethora of catalysts have
been scrutinized for their performance, including metals,
alloys, metal oxides, functionalized carbons, and metal
complexes, unveiling their remarkable capacity for efficient and
selective CO, conversion. This promising potential, however,
coexists with persistent challenges pertaining to energy
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approach in developing efficient electrocatalysts for various other reactions.

efficiencies, activity, and undesired off-pathway hydrogen
evolution reactions (HER). Therefore, developing high-
performance electrocatalysts for CO, ECR remains an urgent
task.?

The catalysis field has recently seen a surge in the popularity
of embedding active metal atoms in chemically-distinct host
materials, a class of materials called single-atom catalysts
(SACs),? for numerous important energy conversion reactions,
such as water gas shift reactions,* hydrogen evolution,® Fenton
reaction,® nitrate reduction,”® oxygen reduction,” nitrogen
reduction,'® methane oxidation,** and carbon dioxide reduction
reactions.” The research advancements in SACs promise to
address CO, reduction challenges and develop efficient and
selective electrocatalysts for sustainable fuel and chemical
conversion.”® Such SACs often show the benefits of lower cost
and higher performance over conventional metal catalysts due
to high metal atom utilization and high uniformity of active
sites.** This is further enhanced by the well-designed and
specific structure of SACs, which enables in-depth studies to
understand the fundamental mechanisms and active sites
critical for CO, reduction.' Functionalized carbon is a common
host material on which single metal atoms are deposited due to
its strong affinity to metal atoms by forming stable chemical
bonds, and its high tunability in allowing different dopants,
high stability, and good electrical conductivity.**"
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SACs on nitrogenated carbon are excellent model systems for
studying catalytic mechanisms at the atomic level.*® Transition
metal SACs, such as Ni-SAC on nitrogen-doped graphene, are
promising CO, ECR catalysts with high catalytic activity and CO
production efficiency.* Co and Ni SACs can also be tuned for
efficient syngas production.”® However, the catalytic efficiency
of SACs is constrained by their sole active centres, inhibiting
multi-atom pathways, thus restricting their overall perfor-
mance.” In contrast, dual-active site catalysts (DASCs), which
utilize two metal species to form a dual-metal single-site cata-
lyst, promise to offer complementary functionalities and
synergistic effects.”*** This is facilitated by electronic interac-
tions between the adjacent heteroatomic metal species, allow-
ing for tailored binding energies with intermediates. This
concept is further explored in recent comprehensive reviews,
highlighting the advancements and potential of DASCs in
various applications.>* Nitrogenated carbon-based DASCs
have demonstrated advantages in improving CO, ECR perfor-
mance.* For example, the N-bridged Co-N-Ni bimetallic cata-
lyst achieves a CO faradaic efficiency of 96.4%, significantly
higher than Co-N, at 61.5% and Ni-N, at 45.0%, respectively.**
Despite considerable advancements, the construction of DASCs
with superior catalytic performance and multi-functionalities,
alongside a comprehensive understanding of their operational
mechanisms, remains a formidable challenge in the field.

Herein, we report an efficient CO, ECR catalyst featuring
diatomic metal-nitrogen sites (Co-Ni-N-C) prepared through
ion exchange using a zeolitic imidazolate framework (ZIF) as
a precursor. During pyrolysis, nitrogen-doped graphitic carbon
serves as a host material, anchoring diatomic Co-Ni sites. These
bimetallic active sites demonstrate remarkable performance,
with a CO yield rate of 53.36 mA mgcat,’1 and an impressive CO
faradaic efficiency of 94.1% at an overpotential of —0.27 V.
Spectroscopic, microscopic, and density functional theory
analyses reveal that the Co-Ni-N; moiety plays a crucial syner-
gistic role in promoting and sustaining these exceptional ECR
activities. This study highlights the viability of utilizing bime-
tallic sites as an effective approach for enhancing the perfor-
mance of ECR catalysts and suggests the potential application
of this synthetic strategy in the development of various other
catalysts.

Experimental section
Synthetic procedures

Synthesis of Co-N-C (SAC). A pyrolysis-induced trans-
formation approach was adopted to obtain Co-N-C (SACs).
First, Co-doped ZIF-8 was synthesized by following a previous
report with some modifications.** Typically, methanolic solu-
tions of zinc nitrate and cobalt nitrate (71.2 mM and 2.57 mM,
80 mL) and 2-methylimidazole (0.3 M, 80 mL) were mixed and
allowed to react at room temperature for 12 hours under stir-
ring. The product was collected by centrifugation, washed three
times with methanol, and dried under vacuum for 12 hours at
60 °C. Then, dried Co-doped ZIF-8 crystals (300 mg) were heated
in a tube furnace to 1100 °C under a gas flow of 1 L min™*
nitrogen within 3 hours, and then kept at the same temperature
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for 3 hours before cooling to room temperature. Due to carbo-
thermal reduction, Zn** was reduced to zinc metal and evapo-
rated away (boiling point 907 ©°C), generating atomic Co
dispersion.**** Finally, the as-synthesized Co-N-C (SAC) powder
was collected for characterization.

Synthesis of Ni-N-C (SAC). The cation exchange method was
employed in preparing the precursor to Ni-N-C (SAC). First,
ZIF-8 was synthesized following the same method as described
in the preparation of Co-doped ZIF-8 except without cobalt
nitrate. Dried ZIF-8 crystals (500 mg) were dispersed in 60 mL of
hexane under ultrasound for 1 hour at room temperature, fol-
lowed by adding 0.7 mL of nickel nitrate solution in methanol
(85.97 mM). The mixture solution was sonicated for 10 min,
followed by stirring for 1 hour at room temperature. The
precipitate was centrifuged, washed three times with methanol,
and dried in the vacuum oven at 60 °C for 12 hours to obtain Ni-
doped ZIF-8. The same pyrolysis process employed in Co-N-C
(SACs) was used to carbonize Ni-doped ZIF-8 into Ni-N-C
(SACs).

Synthesis of Co-Ni-N-C (DASC). First, Co-doped ZIF-8 was
synthesized following the same cation exchange method as
described above. To synthesize Co-Ni-N-C (SACs), all the
processes were the same as for Ni-N-C (SACs), but using Co-
doped ZIF-8 (500 mg) to replace ZIF-8 crystals.

Synthesis of Co-N-C (NP). First, ZIF-67 was synthesized by
following a previous report with some modifications.*® The
synthetic process for ZIF-67 was the same as for ZIF-8 except
that cobalt nitrate solution (71.2 mM) was used instead of zinc
nitrate solution. Then, dried 300 mg of ZIF-67 crystals were
subjected to the same pyrolysis treatment as described above to
obtain Co-N-C (NPs).

CO, ECR evaluation

The CO, flow was regulated at a flow rate of 30 mL min~* using
a mass flow controller (Aalborg DFC) and introduced into the
cathode compartment through a porous glass frit. Each chro-
noamperometry test had a duration of 30 minutes. The cathode
compartment, filled with ca. 50 mL of solution, was continu-
ously stirred at 800 rpm using a magnetic PTFE stirring bar. The
effluent of the cathode compartment was connected directly to
a gas chromatograph (GC, Agilent 7890B) for online detection of
gas-phase products. Liquid-phase products were analyzed after
each chronoamperometry test by 1H nuclear magnetic reso-
nance (NMR). Further description of the electrochemistry setup
and product analysis can be found in ESI S1.}

Catalyst characterization

The particle size and morphology were characterized by scan-
ning electron microscopy (SEM, Su-70, Hitachi), HAADF-STEM
imaging (Thermo Fisher Titan Themis), and TEM imaging
(Tecnai F20). The structure and crystallinity of the catalyst were
determined from powder X-ray diffraction (PXRD, X'Pert PRO,
PANalytical). Surface chemistry was characterized by Fourier
transform infrared (FT-IR) spectroscopy (Nicolet iS50, Thermo
Scientific). Surface active sites and reducible species were

respectively  characterized by temperature-programmed
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desorption (TPD) and temperature-programmed reduction
(TPR) techniques (Micromeritics AutoChem I1 2920). The degree
of graphitization of metal-nitrogen-doped carbon materials was
analyzed by Raman spectroscopy (LabRAM HR Evolution,
Horiba Scientific). The chemical state of the elements was
investigated by X-ray photoelectron spectroscopy (XPS, PHI
VersaProbe III, ULVAC-PHI). BET surface area and pore size
distribution were analyzed using Autosorb iQ (Quantachrome
Instruments).

Computational procedures

To assess the catalytic activity of the monatomic and diatomic
metal-nitrogen sites, DFT calculations were performed at the
level of PBEO/def2-SVP.>*** The RIJCOSX approximation with
def2/] and def2-SVP/C as auxiliary basis sets were utilized to
speed up the calculations.* The def2-ECP effective core poten-
tial was used for the Ni and Co atoms. Dispersion interactions
were considered through the use of Grimme's D3 dispersion
correction with Becke-Johnson damping (D3BJ).** For brevity,
we will refer to this calculation method as RI-PBE0-D3B]J/def2-
SVP. All electronic structure calculations were performed
using the ORCA 5.0.4 package.**™**

Results and discussion
Synthesis and characterization of catalysts

Carbon-supported catalysts with dispersed SACs and DASCs
and related nanoparticles (NPs) were prepared by pyrolysis of
zeolitic imidazolate frameworks (ZIFs) precursors. As shown in
Fig. 1, ZIFs have a distinct structural characteristic where metal
centres are only coordinated by nitrogen atoms of imidazolate
units, resulting in a network of interconnected frameworks.*
The reaction mechanism, Fourier transform infrared (FTIR)
spectra, powder X-ray diffraction (PXRD) patterns, and scanning
electron microscopy (SEM) images of ZIFs are provided in
Fig. S1-S4,t respectively. During thermal activation, such metal
coordination with nitrogen can maintain the isolation of metal
centres to form SACs, which benefits the in situ formation of
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Fig. 1 Pyrolysis-induced transformation of ZIFs for the synthesis of
nitrogenated carbon-based catalysts: Co—-N-C, Ni-N-C, Co—-Ni—-N-
C, and Co—N-C (NP) (NP: nanoparticle).
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uniformly dispersed metal centres.’ In addition to the conven-
tionally fully isolated SACs, the spatial correlation among metal
single atom sites can influence the local geometry of the metal
centres, demonstrating much higher flexibility in tuning elec-
tronic and electrocatalytic properties of correlated SACs with
additional metal centres, i.e. DASCs. ZIFs containing abundant
metallic elements with low vapourability at high temperatures
can lead to phase segregation and induce the formation of
metallic NPs. This transformation route (Fig. 1) provides
a generalized method for the synthesis of SACs, DASCs, and NPs
from ZIFs.

As confirmed by PXRD in Fig. 2A, the crystalline phases of
ZIF precursors underwent a complete transformation in the
high-temperature pyrolysis process. The PXRD pattern of Co-N-
C (SAC) (Fig. 2A) shows two characteristic peaks at 25 and 44 °C,
indexed to the (002) and (101) planes of graphitic carbon, while
metal-containing crystal phases were not observed. Likewise,
amorphous phases are found in the PXRD patterns of Ni-N-C
and Co-Ni-N-C. To make a better comparison, we also
synthesized the nanoparticle counterpart Co-N-C (NP) by
pyrolyzing ZIF-67 (a type of isostructural ZIFs that only contains
Co) at 1100 °C. Without the presence of Zn ions to protect them,
the Co nodes tend to form nanoparticles instead of single Co
atoms, as a result of the shorter distance between adjacent
atoms. In this case, the crystallographic plane (111) of cobalt
appeared in Co-N-C (NPs), suggesting the formation of metallic
cobalt nanoparticles.*® The pyrolysis of ZIF-8 samples was
tracked through thermogravimetric analysis (TGA) (see Fig. S5
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Fig. 2 (A) PXRD patterns of the pyrolyzed samples. The crystallo-
graphic data used to simulate the powder diffraction pattern of cobalt
and graphite were respectively obtained from PDF# 00-015-0806 and
PDF# 01-075-1621. (B) EDS spectra of the pyrolyzed samples. The
inset, extracted from the dashed box in B, shows the metal emission
peaks. Coloured lines show the expected peak positions of Zn (blue),
Ni (purple), Co (green), and C (orange). (C) The N1s spectrum changes
based on the metal—-nitrogen (M—N) peak in the probed sample region.
The spectra are linear combinations of pyridinic (blue), pyrrolic
(brown), graphitic (gold), and N-O, (green) contributions.
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and S6%). At temperatures above 900 °C, the weight loss was
attributed to the release of zinc metal (bp, 900 °C). Therefore,
pyrolysis of ZIF-8 samples at 1100 °C was sufficient to remove
the majority of zinc and form SACs. Energy dispersive X-ray
spectroscopy (EDS) spectra (Fig. 2B) further confirm the
elemental composition in the pyrolyzed samples. Accompa-
nying the major carbon emission peak, a trace amount of
metallic element was confirmed by EDS as shown in the inset of
Fig. 2B. Zinc evaporated due to its low boiling point, but Co(Ka)
and Ni(Ka) peaks were present in the corresponding SACs.*
Due to carbothermal reduction, coordinated metals were easily
reduced to metallic states, generating individual metal centres.
Analogous to the EDS analysis, the inductive coupled plasma
optical emission spectroscopy (ICP-OES, Fig. S77) results indi-
cate that in Co-Ni-ZIF-8, the zinc content was nearly removed
while the Co and Ni content was maintained. Furthermore, Co-
Ni-N-C showed similar Co and Ni loadings to those in Co-N-C
and Ni-N-C.

To understand the coordination status of carbon and
nitrogen in anchoring SACs, we investigated the local structure
and bonding evolution during SAC synthesis by X-ray photo-
electron spectroscopy (XPS) and Raman spectroscopy. The
bonding configurations for nitrogen atoms in the samples were
characterized with detailed N1s XPS analysis. High-resolution
N1is spectra of the samples, as shown in Fig. 2C, proved the
existence of various N-C species, including pyridinic N; (398.6
eV), pyrrolic N, (401.1 eV), and graphitic N, (402.2 eV).** The
pyridinic N; peak dominates the chemical state of nitrogen. The
abundant pyridinic nitrogen provides sufficient coordination
sites to active metal centers, which facilitates the formation of
metal-nitrogen coordination.*” Consequently, a new nitrogen
type Ny, originating from nitrogen-metal bonding was observed
at 399.6 eV, indicating a transformation of metal-nitrogen
tetrahedra within ZIF-8s to active metal-nitrogen moieties
embedded in carbon.” The N; peak (398.6 eV) stood out in Co-
N-C while the percentage of N,, peak was identified to be only
10%, suggesting pyridinic N; was the dominant defect species.
In contrast, 23% of N, could be found in Co-Ni-N-C, indi-
cating stronger metal coordination with nitrogen.>® From peak
area analysis of N1s and Co 2p (Fig. S87), the ratio of pyridinic N
to the correlating Co 2p peaks in Co-Ni-N-C was approximately
3:1, strongly indicating the formation of porphyrin-like Co-Nj;
species.” The Co 2p peak at 780.0 eV obtained from Co-Ni-N-C
(Fig. S8t) has a binding energy higher than that for Co(0)
species at 778.2 eV, consistent with the accepted chemical shift
theory of oxidized cobalt.*® The Ni 2p spectra for Co-Ni-N-C
show that the Ni oxidation state is positioned between Ni(0)
peak at 852.6 eV and Ni(u) peak at 855.6 €V, indicating the
presence of Ni species that are partially oxidized.*® As evident in
Fig. S8,7 The Co 2p peak for Co-Ni-N-C is found shifted 0.6 eV
to lower binding energy in comparison to Co-N-C. Additionally,
the Ni 2p peak for Co-Ni-N-C shifts 0.2 eV toward higher
binding energy compared to Ni-N-C. It can be interpreted from
XPS results that Ni atoms in Co-Ni-N-C serve as the electron
donors to the neighbouring Co atoms.** The presence of elec-
tronic interactions between adjacent Co and Ni atoms and
metal-N species in Co-Ni-N-C supports the existence of Co-Ni-
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N coordination. Raman spectra and their fitting results further
reveal changes in carbon-carbon (C-C) bonds due to the pres-
ence of various defect species (Fig. S91). The D bands at
1350 cm™ " are intense for all catalysts due to the edge or defect
of carbon rings, indicating the existence of strong disorder in
the catalysts. The G bands at 1582 cm ' originating from
graphitized carbon-carbon bonds are broad, signifying low
crystallinity within the samples. A highly broadened peak at ca.
2700 cm™ ' was also observed, which can be assigned to the
second order of the D band.” Based on the integrated area, the
ratio of the D band to G band for Co-N-C was calculated to be
Ip/Ig = 0.992, which was similar to the corresponding I,/I ratio
for Ni-N-C (0.995) and Co-Ni-N-C (0.998). This suggests these
three samples were comparable in the degree of graphitization.
Raman analysis further confirmed the formation of graphitized
carbon and the concomitant disorder species, which enhances
CO, ECR activity by serving as an electron transfer medium and
hosting the metal-nitrogen active moieties.

To gain a better understanding of the surface sorption and
interaction with the reactants, catalyst surface properties were
characterized with N, sorption, diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), and temperature-
programmed analyses. Reversible type I isotherms at 77 K
(Fig. 3A) are given for the physisorption of N, on the catalysts.>
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Fig. 3 (A) Nitrogen adsorption and desorption isotherms at 77 K.
Adsorption capacity is in units of cm® g, Filled symbols correspond to
adsorption and open symbols specify desorption. (B) Linear derivative
pore size distributions of MNCs calculated based on a NLDFT slit-pore
model. (C) Diffuse reflectance infrared spectra of CO, adsorption on
catalysts as a function of time measured at 295 K. CO, adsorption
peaks at 2342 and 2360 cm™! corresponding to metal sites and
functional groups are respectively observed. (D) Temperature-pro-
grammed desorption (TPD) measurements for CO desorption on N-C
and Co-Ni-N-C. (E) H, temperature-programmed reduction (TPR)
on N-C and Co-Ni-N-C.
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At low relative pressures (P/P, < 0.01), the N, adsorption
isotherm exhibits a rapid increase due to the saturation of
micropores (<20 A). As the relative pressure increased beyond
0.1, hysteresis is observed, and the increase in adsorption is
attributed to the filling of mesopores (20 to 500 A). The non-
local density functional theory (NLDFT) was used to calculate
the pore size distribution of the catalysts, and the results,
shown in Fig. 3B, confirm the presence of both micropores and
mesopores.” A specific range of micropores (4.9 to 9.2 A) can be
found throughout the carbon phase despite minor distribution
variations due to surface heterogeneity. Analysis of the N,
sorption isotherms by the Brunauer-Emmett-Teller (BET)
method obtained a specific surface area value of 2095.1 m* g~ *
for the Co-N-C catalyst. A notable reduction in BET surface area
was observed for Ni-N-C (599.5 m* g~ ') and Co-Ni-N-C (497.4
m?> g7 "), possibly due to increased structural defect and
disorder.*® The highly microporous structure provides a large
adsorption capacity for reactant molecules and enhanced mass-
transport properties.”® Furthermore, the extensive micropo-
rosity inside the catalysts hosts a large number of defect sites in
the vicinity of micropores to facilitate reaction activation.®® We
further investigated the adsorption behaviour of CO, on the
catalysts using DRIFTS to provide additional information about
CO, activation. As shown in Fig. 3C, CO, adsorption produces
vibration bands vy, at 2340 cm™* and v at 2360 cm ™, which can
be ascribed to the asymmetric stretching modes of CO, gas
adsorbed on metal sites and functional groups, respectively.®-*
The peak area is closely associated with the amount of adsorbed
CO, molecules and the CO, adsorption dynamics were obtained
by measuring the peak area in the wavenumber range from 2250
to 2400 cm ™' continuously over time. As shown in Fig. S10,}
similar CO, adsorption capacity was observed for the investi-
gated catalysts while Co-N-C had the highest CO, adsorption
rate among all catalysts. We further evaluated the preferential
CO, adsorption site on the catalysts by measuring the ratio of
peak area vy, to vr. As exhibited in Fig. S10,1 a higher v, to ¢
ratio was found for Co-Ni-N-C, suggesting that a greater
proportion of CO, molecules were adsorbed on the metal sites
of Co-Ni-N-C. The dynamic behaviour of CO, adsorption
observed for Co-Ni-N-C implies that dispersed Co and Ni metal
sites dominate the adsorption of CO, over the functional group
and potentially promote the CO, activation process.
Temperature-programmed desorption of carbon monoxide (CO-
TPD) was performed to investigate the adsorption strength of
intermediates. The desorption peak of CO was monitored and
found to occur at 356.5 K and 366.3 K for Co-Ni-N-C and N-C
catalysts, respectively, as shown in Fig. 3D. The shift of the
desorption peak towards a lower temperature indicates that the
CO adsorption strength on the Co-Ni-N-C catalyst is weaker
than that on the N-C catalyst.** CO desorption strength on
catalysts affects CO, reduction performance by altering reaction
kinetics and surface intermediates.®® Introducing metalation to
N-C catalysts offers controlled tuning of CO desorption
strength, which directly influences CO, reduction performance.
Hydrogen temperature-programmed reduction (H,-TPR)
measurements of Co-Ni-N-C and N-C catalysts, as shown in
Fig. 3E, both feature a broad peak at around 500 °C, suggesting

This journal is © The Royal Society of Chemistry 2024
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no presence of bulk metal oxides, which would otherwise
display a reduction temperature peak below 400 °C.*® However,
a slightly higher reduction temperature peak was observed for
N-C due to a stronger interaction between a higher loading of
nitrogen and the carbon matrix. Metalating N-C catalyst with
Co and Ni maintains reducibility, ensuring stability in the
reduction environment due to unaltered redox properties.

The SEM images (Fig. 4A, B) showed decreased particle size
after pyrolysis due to thermal shrinkage,®” while the particles
still maintained the initial rhombic dodecahedron shape with
sharp edges even after undergoing thermal treatment. A 52%
reduction in particle size was identified while the uniformity of
particle size distribution was retained. The smooth tetragonal
facets of the pristine Co-ZIF-8 (Fig. 4A) underwent amorphiza-
tion and reconstructed into rough and microporous surfaces of
Co-N-C (Fig. 4B). Supplementary SEM images (Fig. S4 and S127)
further support observed morphology reconstruction trends
attributed to thermal activation effects. As demonstrated in
Fig. 4C, the transmission electron microscopy (TEM) image of
Co-N-C showed no difference in phase, which further suggests
the absence of metal particles. Fig. 4D shows a selected area
electron diffraction (SAED) pattern acquired over Co-Ni-N-C.
The diffusion halo and the lack of diffraction spots in the SAED
pattern suggest the amorphous feature of the Co-Ni-N-C
sample. The lack of crystalline phase in the SAED pattern is
consistent with the XRD pattern in Fig. 2A, confirming the
formation of spatially isolated metal species instead of metal
clusters or particles throughout the structure. The homoge-
neous distribution of Co and Ni atoms in the nitrogen-doped
carbon matrix was confirmed by TEM-EDS elemental mapping

-

Intensity (a.u.)

0o 5 10 0o 5 10 0 5 10
Distance (A)

Fig. 4 (A and B) SEM images of (A) Co-ZIF-8 and (B) Co—N-C. Inset
shows a magnified SEM image of the square region highlighted by the
white dashed lines. (C) TEM image of Co—N-C. (D) SAED pattern of
Co-Ni-N-C. (E) TEM-EDS elemental map of Co-Ni-N-C. (F) Low-
magnification HAADF-STEM image of Co-Ni-N-C. (G) Atomic-
resolution HAADF-STEM image of Co—-Ni—N-C. (H) Intensity line scan
profiles across the numbered regions 1 to 3 in G.
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(Fig. 4E). The morphology and structure of the Co-Ni-N-C
catalyst were further characterized through aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), as illustrated in Fig. 4F.
Atomic-resolution HAADF-STEM imaging of Co-Ni-N-C
confirms that Co and Ni atoms are isolated and dispersed at the
atomic scale on the amorphous carbon support, with no
aggregation of metal particles (Fig. 4G). The uniformly distrib-
uted bright dots have a size of approximately 0.2 nm, which
corresponds well to the theoretical size of metal atoms. Addi-
tionally, paired metal atoms were clearly observed on carbon
support as marked by red boxes in Fig. 4G. Intensity line scan
profiles across the numbered regions 1 to 3 in Fig. 4H provide
clear evidence for the formation of atomically dispersed Co-Ni
pair sites with distances of 2.48 A, matching well with the size of
a hexagonal carbon ring.** Furthermore, our computational
analysis reveals a bond distance of approximately 2.4 A for Ni-
Co in the N3 motif, providing additional support for the
formation of Co-Ni pair sites. In light of the above analysis, the
as-synthesized Co-Ni-N-C catalysts are hosted in amorphous
carbon support rich in defects, and characterized by adjacent
atomic metal centres with complementary functionalities,
making them suitable candidates for electrocatalytic
applications.

CO, ECR performance

To evaluate CO, ECR performance, the catalyst particles were
deposited on conductive carbon fabrics to form the working
electrode which was then submerged in 0.1 M KHCO; aqueous
electrolyte at room temperature and under atmospheric pres-
sure. We first investigated the overall electrocatalytic perfor-
mance of the catalysts by linear sweep voltammetry (LSV) in the
presence and absence of CO, (Fig. S147). The hydrogen evolu-
tion reaction (HER) accounted for all the observed faradaic
currents in CO,-free electrolytes, while in CO,-saturated elec-
trolytes, the faradaic currents were divided between HER and
CO, ECR. As shown in Fig. S14,T electrochemically active metal
species in catalysts enhanced the catalytic activity of both HER
and CO, ECR, as evidenced by substantial current enhancement
compared to metal-free N-C. Under CO,-free electrolyte, the
voltammogram trace of Co-Ni-N-C exhibited a departure from
the baseline at about —0.71 V relative to a reversible hydrogen
electrode (RHE). After saturating electrolytes with carbon
dioxide, the catalytic onset potential was —0.53 V (RHE), indi-
cating a prominent catalytic effect of Co-Ni-N-C on CO, ECR
over HER. As shown in Fig. 5A, Co-N-C exhibited a relatively low
activity, delivering a total current density of —4.3 mA cm™ > at
—0.95 V (vs. RHE) whereas Ni-N-C showed a significant
increase in total current density. Notably, Co-Ni-N-C delivered
a further increased current density of —49.3 mA cm™> at —0.95 V
(vs. RHE), which is 11.5 times higher than that of Co-N-C. As "H
nuclear magnetic resonance (NMR) analysis (Fig. S157) revealed
that no liquid-phase products were detected, our discussion on
CO, ECR performance focuses on gas-phase products. In
controlled potential electrolysis conducted in 0.1 M CO,-satu-
rated KHCO; aqueous electrolyte under applied potential range
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Fig. 5 (A) The LSV plots of the tested catalysts for CO, ECR. (B)
Faradaic efficiency (FE) for CO, ECR product CO and H, for tested
catalysts at corrected potentials ranging from —0.5 to —1.1 V (RHE).
The highest FE for CO reaches 94.1%. (C) Partial current density
towards CO production over the catalysts. (D) Tafel plots of different
samples. (E) Comparison of the TOFs of the catalysts as a function of
potential. (F) Stability tests of Co—Ni—N-C catalyst at —0.8 V (RHE). All
measurements were performed at 30 sccm CO, and 0.1 M KHCOs
using an FAS-50 membrane in an H-cell. Error bars are the standard
deviation calculated from three independent measurements.

between —0.5 Vand —1.1 V (vs. RHE), CO and H, were identified
as the gas-phase products (Fig. 5B). The product distributions
for Co-Ni-N-C in Fig. 5B suggest that CO production was
significant at all electrode potentials, with minor H, production
due to the reduction of protons to gaseous hydrogen.®® The Co-
Ni-N-C catalyst exhibits a potential-dependent behaviour with
maximum faradaic efficiency for CO (FEco) observed at —0.8 V
(vs. RHE), equivalent to an overpotential of —0.27 V. Carbon
dioxide reduction suffered from sluggish reactivity at more
positive potentials, whereas competing proton reduction was
promoted at more negative potentials. At a potential of —0.8 V
(vs. RHE), Co-Ni-N-C catalyzed CO production at a current
density of 13.34 mA cm > (corresponding to 53.36 mA per
milligram of catalyst), demonstrating a remarkable level of CO
selectivity over H, production (FEco = 94.1%). This result
represents a substantial improvement over Co-N-C or Ni-N-C,
for which the FEco values were merely 24.6% and 48.3%
respectively under the same applied potentials. Comparing the
current density for CO (jco) (Fig. 5C), Co-Ni-N-C outperformed
its counterparts with a CO production rate 24.7 and 2.9 times
greater than that of Co-N-C and Ni-N-C respectively at an
applied potential of —0.8 V (vs. RHE).

To gain insight into the high activity of the Co-Ni-N-C
catalyst, the electrochemically active surface area (ECSA, see
S1t) determined from double-layer capacitance (Cp;) and
Nyquist plots are given in Fig. S16.f The double-layer

This journal is © The Royal Society of Chemistry 2024
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capacitance measured on all samples fell within the range of
10.3 to 12.8 mF cm™ 2. The charge transfer resistance was also
measured to be similar (ranging from 8.4 to 10.2 Q) across the
investigated catalysts. Further, the kinetics and mechanism of
the electrochemical reactions on different sites were investi-
gated by the Tafel analysis. Fig. 5D shows that the Tafel slopes
for Co-N-C, Ni-N-C, and Co-Ni-N-C are 0.42, 0.22, and
0.23 mV dec™', respectively. The Tafel slope of Co-Ni-N-C
(0.23 mV dec ") is slower than that of Co-N-C (0.42 mV dec %),
indicating enhanced initial electron transfer after the incorpo-
ration of Ni atoms.*” As shown in Fig. 5E, the calculated turn-
over frequency (TOF) values (see ESI S1t) per active site for CO
production at —0.8 V (vs. RHE) in Co-Ni-N-C catalyst (5.22 x
10> h™") showed a remarkable improvement over Co-N-C (0.74
x 10° h™") and Ni-N-C (2.51 x 10> h™"). For a duration of 40
hours, the Co-Ni-N-C catalyst exhibited consistent catalytic
activity (Fig. 5F) and generated over 489.6 mL CO gas (standard
temperature and pressure, equivalent to 21.86 mmol) per
milligram of catalyst. The FEqo (ca. 94%) and jco (ca. —13.5 mA
em™?). remained virtually unchanged for 40 hours of reaction,
indicative of relatively high durability. As demonstrated in
Table S1,T our Co-Ni-N-C catalyst exhibits performance on par
with selected CO, ECR catalysts. Based on the above analyses,
the Co-Ni-N-C catalyst with paired metal sites demonstrates
excellent electrocatalytic activity, selectivity, and stability
toward CO, ECR.

Density functional theory (DFT) calculations

To elucidate the influence of the coordination configuration of
metal sites on CO, ECR behaviour, we calculated the free energy
diagram of the lowest-energy pathways for CO, reduction into
CO using density functional theory (DFT) (refer to the Compu-
tational Procedures section above and the Section S167 for more
calculation details). All DFT calculations were carried out using
the ORCA 5.0.4 suite of programs.*”” In a simple CO,-H,O
system, once adsorbed on the catalyst's active site, the CO,
molecule reacts with a proton and an electron to form COOH*,
which is usually considered the initial intermediate for CO
formation.” As shown in Fig. 6A, the free energy change to
generate COOH* from CO, is endergonic, and the Co-Ni-N-C
site emerges as the most favorable site for COOH* formation
(0.227 eV). This validates the efficiency of a dual Co-Ni site in
activating CO,. Additionally, Fig. S19 and S20t delve into the
free energies associated with the hydrogen evolution reaction
(HER). DFT calculations show that H* formation on dual Co-Ni
site is energetically unfavourable, presenting an energy barrier
of 1.00 eV. As elucidated by DFT calculations for COOH* and H*
formation, dual Co-Ni metal sites not only facilitate CO, acti-
vation but also impede hydrogen formation, thereby enhancing
the overall efficiency of CO, ECR. The conversion of COOH* to
CO* through hydrogenation is exothermic on all three catalysts
(Fig. 6A). However, the desorption process of CO* from Co-N-C
and Co-Ni-N-C to produce CO is endergonic, with binding
energies of 0.504 and 0.380 eV, respectively. In contrast, the free
energy change for CO* desorption from Ni-N-C sites is
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Fig. 6 (A) Calculated free energy diagrams illustrating the lowest-
energy pathways to CO. (B) Catalytic pathway on the dual Co—Ni site
based on the optimized structures of adsorbed intermediates COOH*
and CO*.

negative, indicating spontaneous CO desorption and a binding
energy of —0.193 eV.

There are two possible pathways for CO formation over
a dual Co-Ni site. In the first pathway, CO* is desorbed from the
Co-Ni site, resulting in the release of CO and the regeneration
of the catalyst. The free energy diagram for this pathway is
illustrated by the green plot in Fig. 6A. For the second possible
reaction pathway, a dual Co-Ni site can reduce another CO,
while a CO is bound to this site, thereby forming COOH* + CO*
intermediates. The free energy landscape for the second
pathway is shown in Fig. 6A (blue plot). This possibility is
further investigated in the mechanism for the Co-Ni-N-C site
in Fig. 6B. Starting from the bare surface (Fig. 6B-i), the elec-
troreduction of CO, occurs to form the COOH* intermediate
(Fig. 6B-ii). A further reduction to CO* leads to CO serving as
a bridging ligand between the two metals (Fig. 6B-iii). Reduction
of another CO, to COOH* can occur either at the Co or Ni sites.
When the reduction occurs at the Co atom, AG is 0.950 eV, as
shown in Fig. 6B-iv. However, CO, reduction to COOH* on the
Ni atom requires a AG of 0.989 eV, slightly higher than the
reduction on the Co atom. Further reduction of the COOH*
moiety on the Co atom leads to a doubly adsorbed CO (Fig. 6B-
v). One of the CO can then be desorbed, forming back the CO*
intermediate (Fig. 6B-iii). In the second reaction pathway, DFT
calculations show that free energies in the formation of COOH*
and the desorption of CO* are optimized simultaneously. This
is consistent with the experimental results that CO, ECR is more
active on Co-Ni-N-C than on Co-N-C and Ni-N-C.

Conclusions

In summary, we have successfully synthesized carbon-
supported SACs, DASCs, and NPs from ZIFs with abundant
metallic centres. The formation mechanism and the properties
of the catalysts have been characterized by various analytical
techniques. The Co-Ni-N-C catalyst with adjacent atomic Co-
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Ni pairs has been demonstrated to effectively activate CO, ECR
and selectively produce CO with a high FE of 95% at —0.8 V. The
highly microporous structure of the catalysts provides a large
adsorption capacity for reactant molecules and enhances mass-
transport properties. The extensive microporosity inside the
catalysts hosts a large number of defect sites in the vicinity of
micropores to facilitate reaction activation. DFT studies also
discuss the potential of a dual-metal nitrogen site for recycling
the catalytic site, offering a strategy to create dual active site
catalysts with complementary functionalities for electrocatalytic
applications.
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