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The electrocatalytic reduction of CO, to CO is slowed by the energy cost of the
hydrogenation step that yields adsorbed *COOH intermediate. Here, we report
a hydrogen radical (He)-transfer mechanism that aids this hydrogenation step,
enabled by constructing Ni-partnered hetero-diatomic pairs, and thereby
greatly enhancing CO,-to-CO conversion kinetics. The partner metal to the Ni
(denoted as M) catalyzes the Volmer step of the water/proton reduction to
generate adsorbed *H, turning to He, which reduces CO, to carboxyl radicals
(*COOH). The Ni partner then subsequently adsorbs the «COOH in an exo-
thermic reaction, negating the usual high energy-penalty for the electro-
chemical hydrogenation of CO,. Tuning the H adsorption strength of the M
site (with Cd, Pt, or Pd) allows for the optimization of He formation, culmi-
nating in a markedly improved CO, reduction rate toward CO production,
offering 97.1% faradaic efficiency (FE) in aqueous electrolyte and up to 100.0%
FE in an ionic liquid solution.

Electrochemical CO, reduction (ECR) driven by renewable electricity
holds the promise of turning cheap and abundant CO, into value-
added compounds, while also contributing toward a sustainable and
low-carbon future'. CO produced through a 2e transfer process

determining step (PDS) with the highest thermodynamic barrier” .
Accelerating the generation and transfer of *H (* denotes an adsorbed
site) to CO, molecules would be an effective way to enhance the
sluggish kinetics of the formation of carbonyl intermediates®®.

appears to be the most likely ECR product to be commercialized. CO is
widely used as a key raw material in many important industrial pro-
cesses, including the water-gas shift reaction, Fischer-Tropsch process,
and methanol synthesis’ . The electrochemical transformation of CO,
to CO can be summarized as three steps™*% (1) CO, + H* + ¢ > *COOH;
(2) *COOH + H" + e > *CO+ H,0; (3) *CO » CO + *. The conversion of
CO, to CO is usually hampered by the first proton-coupled electron
transfer (PCET) to form *COOH, which is considered the potential

To this end, constructing an electrocatalyst with dual-active
centers would be desirable, where the H adsorption and CO, hydro-
genation each occur at spatially isolated sites but that are situated
within an atomic scale of each other. Optimizing the adsorption of H
and CO, on separate dual active sites allows one to expedite the
reaction kinetics of *COOH formation while concurrently suppressing
the competitive hydrogen evolution reaction (HER), thereby expedit-
ing the ECR.
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Atomically dispersed Ni—N, sites are known to effectively catalyze
the formation of CO via the ECR with a high atom utilization efficiency
but suffer from the initial, intrinsically slow, PCET process” >, In order
to address this limit, we set out to introduce a second metal (M) atom
next to the Ni-N, to form a hetero-diatomic pair***, with the selected
M possessing a higher H adsorption property than Ni. This pair
arrangement would enable facile generation of *H on the M site fol-
lowed by its rapid migration to the CO, activated on the neighboring Ni
site, thus synergistically facilitating the formation of *COOH and, in
turn, faster ECR.

With this in mind, here we construct Ni-partnered heteronuclear
diatomic catalysts (HDACs) with distinct H adsorption affinities, and
apply them for high-efficiency and stable ECR. The as-developed
HDACs exhibit extraordinary catalytic activity and selectivity, sig-
nificantly outperforming the single-atom counterparts and many prior
reported single-atom electrocatalysts. Based on combined theoretical
and experimental investigations, we propose a hydrogen radical (He)
transfer-facilitated chemical hydrogenation mechanism. This unre-
ported route is in contrast with the conventional first PCET pathway
that suffers from a high required energy input, leading to greatly
improved ECR performance for our HDAC. We also find that adjusting
the H adsorption strength of the M site by selecting the element (i.e.,
Cd, Pt, and Pd) enables tuning of He formation and simultaneously
inhibits the hydrogen evolution side reaction, allowing for the CO,
reduction rate to be optimized. A CO faradaic efficiency (FEco)
reaching up to ~97.1% at ~-0.75V versus reversible hydrogen elec-
trode (vs. RHE) was attained and was able to maintain good stability
even after 55.0 h of continuous CO, electrolysis. The FEco surpasses
90.0% within a broad range of current densities (/); from —200.0 to
-600.0mAcm™,

Results
Theoretical calculation of NiM—HDAC for CO, reduction
Density functional theory (DFT) calculations were first carried out
using NiM-HDAC (M=Cd, Pt, or Pd) as a diatomic catalytic model.
Various NiMN, configurations (Supplementary Figs. 1-3 and Table 1,
and model information in Supplementary Data 1) were constructed
and simulated, which show that the NiMNg structures possess rela-
tively low formation energies, demonstrating their thermodynamic
stability. Relative to Ni, all the M sites are found to be more likely to
dissociate H,0 into *H and OH", and H is preferably adsorbed on the M
sites (Supplementary Figs. 4-6). The adsorption strength of *H at M
sites follows the trend: Cd>Pt>Pd. Given that the first PCET
(CO,+H"+e > *COOH) is the critical step to yield CO during the ECR,
the energy change for the *COOH formation (E-coon — E-x + co2) Was
calculated. It can be seen from Fig. 1a that E-coon — Esx + coz2 decreases
with the increase of AG.. That is, upon reducing the *H adsorption
strength of the M site (AG.y), the energy barrier for the formation of
*COOH at the Ni site is lowered. This indicates that the ECR can be
regulated by modulating the adsorption strength of *H at the M site.
The conversion of CO, to CO was further studied using NiCdN¢
and related structures as model catalysts. As illustrated in the calcu-
lated Gibbs free energy diagrams (Fig. 1b and Supplementary Data 1),
for all catalysts, the formation of *COOH from CO, to CO is the PDS. In
contrast to CdN, and NiCdNg¢ (Cd site), which have a positive Gibbs
free energy change for the transformation of *COOH to *CO, NiN4 and
NiCdNg with *H (i.e., Ni is the site for CO, activation) display a negative
Gibbs free energy change for the hydrogenation process. It is note-
worthy that the incorporation of Cd results in an apparent reduction in
AG-coon from 1.78 eV on NiN, to 1.40 eV on NiCdNg with *H. If Cd is
assumed as the active site for CO, adsorption and reduction, both
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Fig. 1| DFT calculations on the ECR reaction mechanism of NiM-HDAC
catalysts. a Relationship between AG.y; and E-coon — E-y + co2 on NiM-HDAC cat-
alysts, with the inset showing the schematic diagram of the cleavage of X-H bond to
form *COOH. b, ¢ Calculated Gibbs free energy diagrams for (b) the electro-
reduction of CO, to CO and (c) HER on the NiN4, CdN,4, NiCdNg (Cd site), and

NiCdNg with *H sites. d Calculated limiting potentials for CO, reduction, H, evo-
lution, and their difference. e Schematic illustration explaining the change of metal-
adsorbate interaction by altering the metal d band center. f pDOS of Ni in NiN4 and
NiCdNg. pCOHP analysis of the Ni-C bond on (g) NiNy4, (h) NiCdNe, and (i) NiCdNg
with *H. Source data are provided as a Source Data file.
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Fig. 2| Synthesis and characterization of NiCd-HDAC. a Schematic illustration of
the synthesis of NiCd-HDAC. b Low-magnification HAADF-STEM image of NiCd
-HDAC. ¢ Bandpass filtered false color lookup table of (b). d High-magnification
HAADF-STEM image. e Detailed examination of a basal-plane region, from the
highlighted region in (d). f Box averaged intensity profiles acquired across the

Atomic capturing\
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indicated atom pairs in (d), with Gauss-fitted peaks. g High-magnification HAADF-
STEM image and h enlarged image showing Ni and Cd atoms distributed on the
support. i HAADF-STEM image and the corresponding EDS elemental maps of
NiCd-HDAC.

CdN,4 and NiCdNg (Cd site) have the lowest energy barrier. However,
the calculated Gibbs free energy profiles for the HER (Fig. 1c) show that
the Cd sites in the two catalysts are more prone to producing *H rather
than *COOH, with *H produced via the Cd-catalyzing Volmer reaction
(H,O+e - *H+OH" in neutral medium and H;0"+e > *H+H,0 in
acidic catholyte). In addition, the second electron transfer to form a
*CO intermediate for the two catalysts demands a high energy input, in
stark contrast to the spontaneous process occurring on NiCdNg with
*H. Therefore, we propose that NiCdNg with *H instead of NiCdN¢ (Cd
site) is the most likely reaction model. Specifically, Ni serves as the
active center for ECR, and Cd is the main site for the generation of *H.
With the reaction model determined, the catalytic selectivity was then
estimated by calculating the difference between the thermodynamic
limit potential of CO, reduction and H, formation (denoted as Uy (CO,)
— UL (Hy)). The larger (less negative) the value, the higher the ECR
selectivity. Based on this metric, NiCdN¢ with *H outperforms both
CdN, and NiCdNg (Cd site) (Fig. 1d), suggesting its superior ECR
selectivity. Although NiN, gives better selectivity for CO, reduction
over H, evolution compared to the other three catalysts, it presents a
higher barrier for *COOH formation, thus hindering the overall reac-
tion rate.

We calculated the projected density of states (pDOS) of the
d-orbitals of the catalysts. It can be observed that the introduction of

Cd leads to an upshift of the d band of Ni from —2.24 to —2.08 eV,
driving further antibonding electronic levels over the E¢. This is con-
ducive to supporting CO, adsorption and improving the binding affi-
nity of intermediates on the NiCdNg site (Fig. le, f and Supplementary
Data 1). Projected crystal orbital Hamilton population (pCOHP) ana-
lysis was also conducted to study the bonding-antibonding properties
of the metal-adsorbate bond. As depicted in Fig. 1g-i and Supple-
mentary Data 1, the negative pCOHP (right) represents the bonding
contribution, and the positive pCOHP (left) stands for the antibonding
contribution. The adsorption of *COOH is mainly attributed to the
hybridization of Ni 3d orbitals and C 2p orbitals. The incorporation of
Cd alters the 3d orbitals of Ni, and thus profoundly affects the binding
strength of Ni and *COOH. The strengthened Ni—C interaction is ver-
ified by a more negative integrated COHP (IpCOHP) value of - 3.349 eV
on NiCdNg with *H, compared to that of —3.079 eV on NiN, and
-3.277 eV on NiCdNg.

Synthesis and structural characterization of NiCd—HDAC

With these insights provided by first-principles calculations, the NiCd
-HDAC atomic pair was then prepared via a facile combined com-
plexation and pyrolysis method based on a strategy of heteroatom
trapping. As illustrated in Figs. 2a, 1, 10 phenanthroline was first
complexed with a mixture of nickel acetate and cadmium nitrate.
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The resulting metal complex was subsequently adsorbed on acid-
treated carbon black mixed with melamine, which was then subjected
to calcination at 750.0 °C under an N, atmosphere. The melamine
decomposed during the pyrolysis process, providing sufficient N
species to dope the carbon support and also coordinate with Ni and
Cd. Single-atom catalyst (SAC) control samples with pure single metal
dopants, including Ni-SAC and Cd-SAC, were fabricated using the
same method but without the addition of cadmium nitrate or nickel
acetate, as appropriate. The X-ray diffraction (XRD) patterns of the
three catalysts all display a strong peak at -~ 24.0° and a weak peak at
~44.0° arising from the characteristic (002) and (101) diffractions of
graphitic carbon (Supplementary Fig. 7). No reflections originating
from metal or metal compounds were found, suggesting the metal is
well-dispersed as atoms and has not undergone nanoparticle
nucleation.

The content of Cd was observed to increase concomitantly with
the Ni amount, which suggests that the Ni—-N structure captured and
stabilized Cd to form NiCd-HDAC, thereby alleviating the vaporization
of Cd (Supplementary Table 2). To understand this phenomenon, we
performed DFT calculations. The results revealed that the formation
energy of NiCdNg is lower than that of CdN, (Supplementary Table 3).
This suggests that the presence of Ni favors the formation of NiCdN,
which occurs more easily than the formation of CdN, in the absence of
Ni. That is, Cd atoms can be trapped by Ni to form diatomic sites.

To further unravel the microstructure and dispersion of NiCd
-HDAC, high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was performed. STEM images clearly show
a high density of bright dots homogeneously dispersed on the surface
of the NC support. These can be ascribed to Ni and Cd objects due to
the atomic number contrast of HAADF-STEM, with the heavy metal
atoms appearing brighter than either the C and N of the support
(Fig. 2b-d). No nanoparticles, aggregates, or agglomerates of Ni and
Cd were identified. Figure 2c shows a bandpass filter of Fig. 2b, with a
false-color lookup table indicating the absence of nanoparticle for-
mation. Imaging the sample at high magnification reveals that many of
the single atoms form into atomic pairs, with a measured average
distance of ~ 0.27 nm between pairs (Fig. 2e-h), implying the possible
formation of heteronuclear atoms via metal-metal (Ni-Cd) bonds and
the strong electronic perturbation between the two atoms. The pre-
sence of Ni and Cd species was also confirmed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Supplementary
Table 2) and energy-dispersive X-ray spectroscopy (EDS) elemental
maps (Fig. 2i).

The Raman spectrum of NiCd-HDAC (Supplementary Fig. 8)
reveals signals at - 1338.0 and -~ 1595.0 cm™, which can be attributed to
disordered sp® carbon (D band) and graphitic sp® carbon (G band),
respectively. NiCd-HDAC possessed a higher peak intensity ratio
between the D and G band (/p/lg) compared to Ni-SAC and Cd-SAC,
indicating its more prevalent carbon defects. The surface composition
and chemical states of the catalysts were probed by X-ray photoelec-
tron spectroscopy (XPS), with the N 1s spectrum exhibiting three main
peaks at ~397.9, 399.1, and 400.6 eV, corresponding to pyridinic N,
pyrrolic N, and graphitic N, respectively®’. The fraction of pyridinic N in
all nitrogen configurations is ~11.3, 18.4, and 32.8% for Ni-SAC, Cd
-SAC, and NiCd-HDAC, respectively. This may be associated with the
higher content of NiCd-HDAC and the possible coordination of metal
with pyridinic N (Supplementary Fig. 9a). No Ni® and Cd® XPS peaks are
discernible, confirming that the metal atoms are predominantly
coordinated with N instead of forming nanoparticles or clusters. A
down-shift in the Ni signal (872.9 eV) is observed for NiCd-HDAC
relative to that of Ni-SAC (873.1eV). This contrasts with the Cd peak
(412.4 eV), which is up-shifted as compared to that of Cd-SAC
(412.3 eV) (Supplementary Fig. 9b, ¢), indicating the higher oxidation
state of Cd in the NiCd-HDAC. The analysis of charge density differ-
ence shows that the oxidation state of Ni in NiCd-HDAC is lower than

that in Ni-SAC, while the oxidation state of Cd is higher in the part-
nered atoms than that of the single Cd-SAC (Supplementary Fig. 10
and Table 4), in good agreement with the XPS results.

Synchrotron radiation X-ray absorption fine structure (XAFS)
measurements were carried out to further investigate the electronic
states and atomic configurations of Ni and Cd in the as-obtained
materials. Figure 3a presents the X-ray absorption near-edge structure
(XANES) spectra at the Ni K-edge for NiCd-HDAC and Ni-SAC as well
as for commercial Ni foil and NiO. The absorption edge position of
both NiCd-HDAC and Ni-SAC is located between those of Ni foil and
NiO, implying that the average oxidation state of Ni is between O and
+2, with the oxidation state of Ni in NiCd-HDAC lower than that of Ni
-SAC. Figure 3b provides the Cd K-edge XANES spectra of NiCd—~HDAC
and Cd-SAC. It shows that the absorption edge is also between those
of Cd foil and CdO, further suggesting that the average oxidation state
of Cd is between 0 and + 2. The oxidation state of Cd in NiCd-HDAC is
slightly higher than that of Cd-SAC. These observations are consistent
with the above-mentioned XPS results, signifying the strong Ni-Cd
coupling interaction.

The bonding structure of Ni was examined by Fourier-transform
fitting of the k*weighted extended X-ray absorption fine structure
(EXAFS) spectra of Ni K-edges (Fig. 3c and Supplementary Table 5).
Both NiCd-HDAC and Ni-SAC show a major peak at 1.87 A, resulting
from the Ni-N first shell coordination. The metal Ni-Ni bond at 2.48 A
is completely absent for both catalysts, further verifying the atomic
dispersion of the metal species. Notably, a new scattering path at about
2.63 A can be observed in the spectrum of NiCd—-HDAC, which is nei-
ther from Ni-N (1.87 A) nor from metallic Ni-Ni (2.48 A). In the Cd
K-edge FT-EXAFS spectra (Fig. 3d and Supplementary Table 6), a
dominant peak at 2.27 A is resolved for Cd-N first shell coordination.

For interpreting these results, it is important to consider that
distinguishing between metal-N and metal-O coordination is difficult
due to their similar peak positions in the EXAFS spectrum. A recent
study showed that O coordination with the metal is supplanted by N
with increasing temperature since O evaporates more readily than N,
Given that our work uses similar metal precursors containing O and a
comparable pyrolysis temperature to this study, we speculate that the
metal M in our samples is more likely to coordinate with N rather than
0. To further substantiate this hypothesis, we conducted extensive
DFT calculations and scrutinized all plausible configurations of
NiMON;s (M = Cd, Pd, Pt) (Model information in Supplementary Data 1)
and compared their formation energy to that of NiMNg structures,
considering the chemical potentials of oxygen and nitrogen (Supple-
mentary Figs. 11, 12). It was found that only within a limited parameter
space does NiMON;5 exhibit marginally lower formation energies than
NiMNg. Outside this range, the system favors the NiMNg configuration.
Taking into account our experimental conditions, reference reports,
and DFT calculations, we suggest that the prominent peak at
approximately 1.5 A in the EXAFS spectrum mainly reflects M-N, rather
than M—-O coordination.

A minor path at 2.62A is also discerned in the spectrum of
NiCd-HDAC at the Cd K-edge, similar to the one observed in the Ni
K-edge. This path can be reasonably explained as a Ni-Cd interaction
contribution according to quantitative least-squares EXAFS fitting
analysis (Fig. 3e, ), and the bond length matches the distance between
the two atoms measured in the STEM images (Fig. 2e, f). At the same
time, quantitative least squares EXAFS curve fitting was performed on
DFT models of NiNi-DAC and CdCd-DAC. The results showed that
they could not be well fitted, thus excluding the formation of homo-
nuclear atom pairs (Supplementary Figs. 13, 14). Wavelet transformed
(WT)-EXAFS was also conducted to investigate the adjacent properties
of metal atoms. We compared the experimental results with the DFT
model for the wavelet transform, and the two match almost perfectly,
which confirms the accuracy of the NiCd-HDAC model (Fig. 3g). To
further explore the overlapping contributions of different types of
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absorption edge. ¢ Ni K-edge Fourier-transformed (FT) EXAFS spectra of NiCd
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-HDAC, Ni-SAC, and Ni reference materials. d Cd K-edge FT-EXAFS spectra of NiCd
-HDAC, Cd-SAC, and Cd reference materials. e Experimental and fitting Ni K-edge
EXAFS spectra of NiCd-HDAC. f Experimental and fitting Cd K-edge EXAFS spectra
of NiCd-HDAC. g Ni K-edge and Cd K-edge WT-EXAFS spectra of NiCd-HDAC and
DFT model of NiCd—-HDAC. Source data are provided as a Source Data file.

atomic neighbors, the wavelet transform of the DFT model is dis-
assembled. NiCd-HDAC shows an intensity maximum of 4.8 A™ for the
Ni-N path at the Ni K-edge and an intensity maximum of 4.7 A™ for the
Cd-N path at the Cd K-edge. For NiCd-HDAC, both WT signals derived
from the Ni-metal bond and Cd-metal bond appear at - 6.3 A™, sug-
gesting the formation of a Ni-Cd bond. The WT signals at Ni and Cd
K-edges are in accord with the FT-EXAFS results, corroborating the
existence of metal-N coordination and Ni-Cd bonds in NiCd-HDAC.

Electrocatalytic CO,-to-CO activity evaluation

The electrocatalytic properties of Ni-SAC, Cd-SAC, and NiCd-HDAC
on ECR were studied using a home-made three-electrode H-cell with
0.1 M KHCO3; solution as the catholyte and 0.1 M H,SO, as the anolyte.
The solution internal resistances of all catalytic systems were mea-
sured (Supplementary Table 7), and iR compensation (where i is a
measured current and R is uncompensated resistance between the
working and reference electrodes) was performed for all potentials. As
revealed by linear sweep voltammetry (LSV) in Fig. 4a and Supple-
mentary Fig. 153, a substantially smaller current density was attained in
Ar than in the CO, atmosphere, indicating the occurrence of CO,
reduction on NiCd-HDAC. NiCd-HDAC exhibits a markedly higher

cathodic reduction current than Ni-SAC and Cd-SAC, reflecting its
superior electrocatalytic activity. The gas and liquid products were
detected by gas chromatography (GC) and nuclear magnetic reso-
nance (NMR) measurements, respectively (Supplementary Fig. 16).
NiCd-HDAC outperforms Ni-SAC and Cd-SAC across the entire
potential window from ~-0.50 to —0.99 V (vs. RHE) in terms of FE
toward CO, reaching an FEco maximum of ~-97.1+ 0.2% at — 0.75V (vs.
RHE). The FEco is greater than 90.0% within a wide potential range
from ~-0.59 to —0.91V (vs. RHE) on NiCd-HDAC (Fig. 4b and Sup-
plementary Table 8). Likewise, NiCd-HDAC exhibits apparently larger
CO partial current density (Jco) than the single atom counterparts
throughout the applied voltage range from ~-0.50 to —0.99V (vs.
RHE) (Supplementary Fig. 17a). For the sake of comparison, physically
mixed Ni-SAC and Cd-SAC (mix-Ni,Cd—-SAC) was also tested for the
ECR (Supplementary Fig. 17b, ¢ and Supplementary Table 9), which
demonstrated both lower Jco and FEco compared to NiCd-HDAC,
demonstrating the advantage of hetero-diatomic sites in NiCd-HDAC.

The Cd content can be adjusted by tuning the Ni content, as dis-
cussed earlier in the manuscript. Compared to Cd-SAC, the content of
Cd in NiCd-HDAC was found to be higher (Supplementary Table 2).
Upon improving the Ni content from 0.49 to 0.86 wt%, the content of
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Fig. 4 | ECR performance. a LSV curves of Ni-SAC, Cd-SAC, and NiCd-HDAC
acquired on a rotating disc electrode at 500.0 rpm with a scan rate of 5.0 mVs™ in
Ar- or CO,-saturated 0.1 M KHCO; solution. b CO FE against applied potential. ¢ CO
FE of NiCd-HDAC with different Ni contents. d Nyquist profiles, (e) Tafel plots for
CO production, (f) electrochemical active surface area (ECSA)-normalized CO
partial current densities, and (g) TOFs of Ni-SAC, Cd-SAC, and NiCd-HDAC. The
inset in (d) illustrates the equivalent circuit used for fitting the data, where Rs shows
the combination of the resistance of electrodes and electrolyte, and CPE and Rct
represent the capacitance and charge transfer resistance of the working electrode-

electrolyte interface, respectively. h Current-time response and the corresponding
CO FE on NiCd-HDAC at a fixed potential of ~-0.75V (vs. RHE). i CO FE as a
function of cathodic current density on NiCd—HDAC in 1.0 M KOH or KHCO3
catholyte operated in a flow cell. For panels (a, b, ¢, e, f, g, and h), iR correction was
applied. The average R with a standard error (SE) from three independent mea-
surements for Ni-SAC, Cd-SAC, and NiCd-HDAC is 8.76 + 0.05Q, 9.89+ 0.13 Q, and
8.69 +0.02 Q, respectively. Data in (b, ¢, f, g, and i) are represented as mean + SE
from two independent measurements. Source data are provided as a Source

Data file.

Cd in NiCd-HDAC was observed to increase from 1.52 to 2.13 wt%. The
ECR activity of NiCd-HDAC was tunable by tailoring the Ni content,
with 0.74 wt% affording the highest FEco (Fig. 4c and Supplementary
Table 10). Further, an increase in Ni content led to a slight decrease in
FEo for the potentials ranging from ~— 0.5 to — 0.93 V (vs. RHE), which
was probably due to the concurrent increase of Cd content and thus
increased HER. Whereas for more negative potentials beyond - 0.93 V
(vs. RHE), the FE¢( increased with Ni content, likely owing to the slower
diffusion kinetics of dissolved CO, molecules and, therefore, more
accessible Ni sites thwarting the parasitic HER. As seen in Supple-
mentary Fig. 17d, Jco increased with the increase of Ni content over the
entire potential range, which is associated with more Ni—Cd bimetallic
sites forming and thus enhanced reaction kinetics. When the Ni con-
tent was further improved beyond 0.86 wt%, a pronounced drop in
both FEco and Jco was observed (Supplementary Fig. 18 and Supple-
mentary Table 11). This may be associated with the further increase in
Cd content and the appearance of Ni clusters, which resulted in more
intense HER.

Electrochemical impedance spectroscopy (EIS) Nyquist plots
(Fig. 4d) indicate that NiCd-HDAC possesses a significantly lower
interfacial charge-transfer resistance (Rct) than Ni-SAC and Cd-SAC,
thus providing the highest electron transfer efficiency during the ECR.
Moreover, NiCd—HDAC displays the lowest Tafel slope (117.3 mV dec™)

as compared with Ni-SAC (155.9mVdec™) and Cd-SAC (146.5mV
dec™) (Fig. 4e). This suggests that the NiCd-HDAC greatly accelerates
the CO,-CO conversion kinetics. The partial geometry current den-
sities toward CO formation were normalized based on electrochemical
active surface area (ECSA). ECSA is estimated based on the Helmholtz
double layer capacitance (Cyq) by ECSA=Cy4/Cs (Supplementary
Figs. 19 and 20a), where C, is the average specific capacitance
(0.04 mF cm™). Itis noted that NiCd-HDAC possesses markedly higher
values of ECSA-normalized Jco than both Ni-SAC and Cd-SAC across
the potential range from ~-0.50 to - 0.99 V (vs. RHE), indicating its
superior intrinsic activity (Fig. 4f). In addition, within the potential
window, the turnover frequency (TOF) values of NiCd—HDAC are much
higher than those of Ni-SAC and Cd-SAC (Fig. 4g). Beyond that, NiCd
-HDAC manifests good catalytic stability with minimal decay in cur-
rent and nearly constant FEco even after 55.0 h of continuous elec-
trolysis (Fig. 4h). Post-reaction characterization by HAADF-STEM along
with EDS showed that the uniform distribution of diatomic NiCd
-HDACs was maintained after electrolysis (Supplementary Fig. 21).
To circumvent the mass transfer limitation of CO, in an H-type
electrolytic reactor, a flow cell with a gas diffusion electrode (GDE) was
designed and implemented in order to evaluate the potential of the
NiCd-HDAC for industrial applications. A FEco over 90.0% within a
broad current density range from —200.0 to —600.0 mAcm™ was
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(a, b, and c) are represented as mean + SE from two independent measurements.
d Operando EPR spectra of the solutions obtained after 6.0 min of ECR in 0.1M
KHCOj3; under Ar using DMPO as an <H-trapping reagent on Ni-SAC and NiCd
-HDAC. e Operando EPR spectra of the solutions obtained after 6.0 min of ECR in
0.1M KHCOj3 under CO, using DMPO as an *H-trapping reagent on NiCd-HDAC.
f Free-energy diagrams of ECR on NiCdN, with *H. Source data are provided as a
Source Data file.

attained on NiCd-HDAC in both 1.0M KHCO; and KOH solutions
(Fig. 4i and Supplementary Table 12). In particular, the FEco and Jco
reach as high as -~ 95.7% and - 574.3 mA cm, respectively, superior to
many recently reported electrocatalysts (Supplementary Table 13). We
also found that NiCd—-HDAC's performance still significantly exceeds
Ni-SAC and Cd-SAC, in terms of both FEco and Jco (Supplementary
Fig. 20b-d and Supplementary Table 14), when used in a flow elec-
trolytic cell, consistent with the aforementioned H-cell results. 1.0 M
KHCO; outperforms 1.0 M KOH in terms of FEco over the current
range, which may be due to the higher local concentration of hydrogen
radicals available in the former catholyte. KHCOj3 solution is also pre-
ferred due to being less susceptible to salt deposition at the cathode
over extended operation.

Investigation of CO,-to-CO reaction mechanism

To gain insight into the reaction mechanism on the catalyst surface,
the proton concentration of the catholyte was adjusted by the con-
trolled addition of 0.1 M H,SO, solution. At pH < 3.3, no ECR reaction
takes place on Cd-SAC (Fig. 5a and Supplementary Table 15). Instead,
HER exclusively occurs on Cd-SAC under this acidic pH due to its
propensity for favoring the water splitting reaction (i.e., due to the
preferred adsorption of H* on Cd sites) rather than the CO, reduction
reaction, consistent with the DFT results. At these low pH values,
surprisingly, NiCd-HDAC still maintains a high CO FE of 90.0%, even
down to a low pH of 2.8. Interestingly, with the increase of proton
concentration, Jco does not monotonously drop, but rises first and
then decreases, showing a volcano profile (Fig. 5b). During the ECR, the
yield and concentration of *H profoundly affect the reaction rate.
Upon decreasing the pH from 3.7 to 3.0, the reduction rate of CO, on
both NiCd-HDAC and Ni-SAC is enhanced, which arises from the
continuous generation and rapid consumption of *H at this pH range.
However, further increasing the proton concentration leads to a drop
in the CO, reduction rate, which is likely due to fewer dissolved CO,

molecules. Note that NiCd-HDAC has a strikingly higher FE and Jco
than Ni-SAC in different pH solutions. This can be attributed to two
properties; first, the *H generated at the Cd site promotes proton
transfer to enhance the ECR; and second, the introduction of Cd
improves the d band center of Ni and thereby accelerates electron
transfer.

To understand the role of Cd in boosting protonation during the
ECR, we investigated the kinetic isotope effect (KIE) of H/D (H,O/D,0)
over Ni-SAC, Cd-SAC, and NiCd-HDAC (Fig. 5c). The KIE can be used
as an indicator of proton transfer rate during water dissociation, which
can therefore provide information on the ECR protonation kinetics.
The KIE of NiCd-HDAC is determined to be 1.15, substantially lower
than that of Ni-SAC (1.60). This implies that the Cd sites in NiCd-HDAC
enhance the dissociation of water and largely promote proton transfer
during the ECR. The KIE of Cd-SAC was calculated to be 1.11, signifying
that the water splitting on Cd sites is relatively fast, and can supply
sufficient *H for CO, hydrogenation. The main factor limiting ECR on
Cd-SAC is the competitive adsorption of CO, and H*, rather than the
further hydrogenation after CO, adsorption. Taken together, we infer
that the Ni sites in NiCd—-HDAC mainly adsorb CO,, while the Cd sites
catalyze the Volmer reaction to yield *H, synergistically enhancing the
CO,-to-CO conversion.

Interestingly, we discovered that Cd helps to generate He, which
was validated by operando electron paramagnetic resonance (EPR)
spectroscopy with 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) as a
radical-trapping reagent. Nine characteristic peaks with a corre-
sponding peak intensity ratio of 1:1:2:1:2:1:2:1:1 are clearly observed for
NiCd-HDAC under an Ar atmosphere at - 0.6 V (Fig. 5d), agreeing well
with the simulation results, which are assigned to DMPO-H
(AN=20.7 G, Ay =15.5G)*. In contrast, no EPR signal was obtained for
Ni-SAC (Fig. 5d), suggesting that the formation of He in NiCd-HDAC is
attributed to Cd. When CO, was introduced, the typical 9 signals dis-
appeared, indicating that the produced He is consumed by the

Nature Communications | (2024)15:9881


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53529-2

Reference
electrode

Counter
electrode

(a)

lon exchange

Lmembrane '

\\(

\ Working \
electrode \’\\1>

A\
/'JJ N
X IR beam

tector

Electrolyte —1—

Magnetic stirring —— < >

Fig. 6 | Electrochemical and operando ATR-SEIRAS analyses for the NiCd-HDAC.
a Schematic illustration of operando ATR-SEIRAS tests. Operando ATR-SEIRAS
spectra of NiCd-HDAC in (b) CO,-saturated 0.1 M KHCO; dissolved in H,O and (c)

(b) (c)

0.0V
-0.2V
/"v-0.4V

-08V
q-1.0V
-1.2V
-1.0V
~]-0.8V

~1-0.6V
-04V

WV 1-02V
. 0.0V

daams |enuajod jo uonoalig
deams [enuajod jo uonoaaig

Intensity (a.u.)
Intensity (a.u.)

Jc= o (*coopy/

*CO *COg

2000 1800 1600
Wavenumber / cm™

Yoo
1 C=0 (*COOH)/
<cO, *COy

2000 1800 1600
Wavenumber / cm™

CO,-saturated 0.1 M K,CO; dissolved in D,0 at various applied voltages in the
regions of 1700-2050 cm™. No iR correction was applied for panels (b) and (c).
Source data are provided as a Source Data file.

intermediates in the ECR process. EPR has also been reported to be
sensitive to detecting carboxyl radicals®. It is noted that the CO FE of
the NiCd-HDAC catalyst is exceedingly high, leaving only trace
amounts of *COOH remaining to be detected by EPR. Indeed, EPR
signals for «COOH (Ay=17.4 G, AH=14.4 G) emerged (Fig. 5e)*°, indi-
cating that the He can effectively activate CO, to generate *COOH.
These results strongly evidence the key role of He radicals in CO,
reduction. This proposed mechanism was further investigated by DFT
calculations. As shown in Fig. 5f and Supplementary Data 1, NiCd
-HDAC requires a particularly high free energy variation of about
1.4 eV to form *COOH through PCET. However, with the aid of He, the
first hydrogenation of CO, molecules was calculated to occur more
easily (AGy.-coony = 0.13 eV). Thus, we propose that the ECR process
undergoes a He transfer pathway with a significantly decreased free-
energy barrier. The first step is the activation of CO, by He, giving rise
to *COOH, followed by the exothermic COOH adsorption (*COOH) on
Ni. The overall reaction pathways can be summarized as follows:

H,0+M+e~ — M —H+OH" M
M—H - M+H. 2)

H- +CO, — -COOH 3)
-COOH +Ni — Ni — COOH “)
—COOH+H" +e~ — Ni— CO+H,0 )
Ni — CO — CO +Ni (6)

To examine possible reaction intermediates during the ECR,
operando attenuated total reflection surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) measurements were per-
formed (Fig. 6, and Supplementary Figs. 22 and 23). As displayed in
Fig. 6b and Supplementary Fig. 22a, seven peaks at ~1230, 1330, 1460,
1650, 1788, 1967, and 3230 cm™ were observed in CO,-saturated
KHCO; aqueous electrolytes at an applied potential of - 1.1V (vs. RHE).
The peak at -1230 cm™ is associated with Si-O, and comes from the
exposed substrate on which the ATR-SEIRAS active film is deposited*.

The signal at - 1330 cm™ arises from the symmetric stretching vibration
of bulk HCO3™ in the electrolytes®. The - 3230 cm™ region is assigned
to the O-H stretching mode of H,0. The distinct band at ~1967 cm™
originates from linearly adsorbed *CO (*CO.)****, which showed Stark
tuning when changing the potential (a blueshift by ~ 26 cm™ with the
variation of sweep potential from - 1.1 to 0 V). The peak at ~1788 cm™
can be attributed to the C = O stretching vibration (of *COOH) and/or
C=0 stretching vibration of bridge-bound CO (*COg)*’, which blue-
shifted as a function of increasing (less negative) potential. However, it
remains ambiguous whether *COg and *COOH coexist in this region in
Fig. 6b. To clarify this, we conducted control experiments* by first
switching CO, to CO and then back to CO, atmosphere during oper-
ando ATR-SEIRAS measurements under electrolysis at - 0.9 V (vs. RHE)
(Supplementary Fig. 23). It was found that when switching CO, to CO,
the *CO, peak (at - 1975 cm™) gradually increased and blue-shifted due
to the increasing coverage of *CO before approaching an equilibrium
after several SEIRAS scans (Supplementary Fig. 23a)**, while the peak at
the low wavenumber range (from 1808 to 1814 cm™) decreased with
time initially and then stabilized. This suggests that the lower wave-
number band is due to a combined contribution of both *COg and
*COOH. The initial drop in peak intensity is likely due to the *COOH
species gradually being converted and desorbed, leaving the surface
free for adsorption of *CO.. When the CO atmosphere was switched
back to a CO, environment, a decrease in *CO, at the high wavenumber
range coupled with a redshift was seen (Supplementary Fig. 23b),
which could be ascribed to the decreased dipole-dipole interaction
associated with the reduction in *CO, coverage®. Conversely, the peak
at the low wavenumber range increased, suggesting that CO; is first
reduced to *COOH, which then accumulates on the surface, thereby
enhancing the broadband on account of the equilibrium *COg cover-
age before the switching. As a result, the formation of both *COOH and
*CO (*CO. and *COg) intermediates can be deduced, although the
deconvolution of the peak is difficult due to the shift of peak position
with both composition and coverage of surface species*.

The peak at ~1460 cm™ in Supplementary Fig. 22a could result
from either CO3* ** or *COOH intermediate (C-O stretching)*. How-
ever, as no Stark tuning was observed for this peak, we can conclude
that this peak originates from CO5> in the electrolytes** generated
from the reaction of dissolved CO, molecules and OH™ ions. The band
at - 1650 cm™ is likely an overlap of the O-H bending mode of H,0 and
the asymmetric stretching vibration of solution HCO5 ****, In prior
work, the C = O stretching band of *COOH was also reported to appear
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at1654 cm™under - 1.6 V (vs. Ag/AgCl) on Ag*. To obviate between the
potential contribution of water and bicarbonate ions, and further
clarify whether the peak at ~1650 cm™ is also from *COOH, we mea-
sured the operando ATR-SEIRAS spectra of CO,-saturated K,CO;
electrolytes dissolved in D,0. The results showed the absence of any
peak at this position (Supplementary Fig. 22b). Therefore, the band at
~1650 cm™ exhibited in Supplementary Fig. 22a is unlikely to be from
*COOH on NiCd-HDAC. The bands shown in Fig. 6¢ and Supplementary
Fig. 22b at - 1958 and 1800 cm™ (at - 1.2 V vs. RHE) can be assigned to
*CO_. moieties*” and *COOD (C=0 stretching vibration)/*COpg,
respectively”®. Both peaks were observed to blue-shift during the
sweep to less negative potentials (by ~ 45 cm™ for *CO, and ~-38 cm™
for *COOD/*COg with the sweep potential from -1.2 to 0V). We also
calculated the wavenumbers for *COOD and *COOH on NiCd-HDAC by
DFT simulation (Supplementary Fig. 22c and Supplementary Data 1). A
small redshift (- 2.6 cm™) for C = O stretching of *COOD (as opposed to
*COOH) was observed due to the replacement of hydrogen atoms with
deuterium, agreeing well with prior results reported in literature*. The
calculated bands are consistent with the peaks observed in the SEIRAS
spectra (Fig. 6b, c). The deviation in peak positions with the experi-
ment may be due to the overlap of *COOH(D) and *COg bands, making
it difficult to identify the *COOH(D) peak. The overlap of *COOH(D)
and *COg peaks in Fig. 6b, ¢ also makes it challenging to identify
whether the shift occurred by *COOD as opposed to *COOH. The band
at ~-2600 cm™ results from the stretching vibrations of O-D**, while
the bending mode of O-D overlaps with the Si-O peak at ~1200 cm™
(Supplementary Fig. 22b)*.. A peak at ~ 1460 cm™ without Stark effect
was also discerned, which can be well assigned to solution CO5*
(Supplementary Fig. 22b). For both operando SEIRAS measurements in
H,0 and D,O0, during the backward (anodic) scan from-1.2to - 0.6V,
the overlapping *COOH(D)/*COg and *CO, peaks increased, which is
likely due to the formation rates for the intermediates being faster than
their conversion and desorption rates at this potential range. While
upon further scanning from - 0.6 to - 0V, the bands for both over-
lapping *COOH(D)/*COg and *CO, decreased (Supplementary Fig. 23c,
d). This could result from the desorption of the intermediates (from
the NiCd-HDAC surface) being faster than their generation and con-
version. During the backward scan at more positive potentials (e.g.,
0V), the accumulated peaks for *COOH(D) and *CO species did not
disappear. This may be due to their more favorable adsorption on the
surface of NiCd-HDAC as the potential becomes more positive*’*5,

Based on the above operando ATR-SEIRAS and DFT results, we can
evidence the formation of *COOH and *COg (at ~1788 cm™ under
-1.0V vs. RHE)* and *CO, (at ~1967 cm™ under -1.0V vs. RHE)*
intermediates on the surface of NiCd-HDAC. This is consistent with
the aforementioned calculated reaction paths.

To test if the ECR activity can be further improved by augmenting
with dissolved CO, according to the above-proposed mechanism, we
conducted ECR in an H-cell using an ionic liquid solution (0.5 M 1-butyl-
3- methylimidazolium hexafluorophosphate solution in acetonitrile,
[Bmim]PFs/MeCN) as the catholyte (Supplementary Figs. 24 and 25
and Table 16). The remarkable dissolving ability of [Bmim]PF¢ for CO,
and its application for ECR to reduce CO, activation barriers have been
demonstrated in prior literature®. It was found that NiCd—HDAC sur-
passed Ni-SAC and Cd-SAC in terms of both CO FE and partial current
density. In particular, the FE toward CO formation approaches almost
100.0% at - —2.17 V (vs. Ag/Ag") and over 96.7% within a wide potential
window from ~-1.95 to —2.21V (vs. Ag/Ag") on NiCd-HDAC (Supple-
mentary Fig. 25b). Strikingly, NiCd-HDAC delivers a CO partial current
density as high as -129.6 mA cm™at - - 2.17 V (vs. Ag/Ag’), which is 2.6
and 3.0 times that of Ni-SAC at ~—2.27 V (vs. Ag/Ag’) and Cd-SAC at
~=2.28V (vs. Ag/Ag"), respectively (Supplementary Fig. 25c). The ECR
performance of Cd-SAC is surprisingly comparable to that of Ni-SAC
in 0.5M [Bmim]PF¢/MeCN electrolyte. This may correlate with the
dramatically increased local concentration of CO, and decreased local

concentration of protons at the electrode/electrolyte interface,
enabling adsorption and activation of CO, on the Cd-SAC rather than
the adsorption of hydrogen. To check if the catalytic properties stem
from the simple sum of individual Ni-SAC and Cd-SAC, physically
mixed Ni-SAC and Cd-SAC (mix-Ni,Cd-SAC) with equivalent metal
loadings were examined for ECR, which nonetheless displayed sub-
stantially lower CO partial current densities across the applied voltage
window in 0.5M [Bmim]PFs/MeCN catholyte, as compared to NiCd
—-HDAC. This further confirms the advantage of heteronuclear atom
pairs for ECR (Supplementary Figs. 25d and 26).

At the start of this work, NiPt and NiPd were calculated to possess
lower energy barriers for *COOH formation and, thus, better CO,-to-
CO conversion efficiency than NiCd. To check if this is the case in
reality, NiPt-HDAC and NiPd-HDAC were synthesized based on a
similar strategy as used for NiCd-HDAC. XRD patterns, XPS spectra,
HAADF-STEM images, EDS spectra, and elemental maps show the
formation of atomically dispersed NiPt and NiPd on the carbon sup-
port (Supplementary Figs. 27-29). The atomic number sensitive con-
trast of HAADF-STEM clearly shows the heavier metal atomic sites
distributed across the carbon support, with no agglomeration or
nanoparticle formation evident. EDS spectra of the samples confirm
the metals to be Ni and Pt or Pd, with the Cu signal originating from the
supporting TEM grid (see “Methods”). Resembling NiCd—-HDAC, both
NiPt-HDAC and NiPd-HDAC exhibit prominently higher FEco and CO
partial current densities than their corresponding single atom coun-
terparts (Fig. 7 and Supplementary Table 17) over the voltage regions,
with the exception of NiPt-HDAC at ~ - 0.89 V, which shows a lower
FEco than Ni-SAC. This may be due to the resulting optimal hydrogen
adsorption at this potential on NiPt-HDAC. A FEco of 93.4 and 96.0%
was attained on NiPt-HDAC and NiPd-HDAC at --0.74 and - 0.72V
(vs. RHE), respectively. The FE toward H, on NiPt-HDAC is larger than
that of NiPd-HDAC and NiCd-HDAC, probably due to the optimal
hydrogen adsorption affinity of Pt. Despite the increased propensity
for HER on NiPt-HDAC and NiPd—-HDAC compared to NiCd-HDAC,
both afford a higher CO partial current density than NiCd—-HDAC
(within the margin of error) throughout the potential range, as
depicted in Fig. 7f. The ECR performance was tunable by adjusting the
molar ratio of Ni-to-Pt or Pd. The Ni-to-Pt or Pd molar ratio of 1:1 was
found to be better than the other ratios in terms of both FEco and Jco
(Supplementary Fig. 30 and Supplementary Table 18). When the molar
ratio of Pt-to-Ni was increased to 2.0, the resulting NiPt—-HDAC catalyst
exhibited marginal ECR activity, which may be due to the formation of
many Pt clusters and the induced severe HER. Likewise, the ECR
activity also substantially decreased when the molar ratio of Pd-to-Ni
was increased to 2.0.

To further verify the He transfer pathway on the NiM-HDAC, we
investigated the ECR by introducing tert-butyl alcohol (¢-BuOH) into
the electrolyte, which can quickly eliminate the generated He (Sup-
plementary Fig. 31 and Supplementary Table 19). It is worth noting that
after adding t-BuOH, the FEco, and /o of NiPd-HDAC, NiPt-HDAC, and
NiCd-HDAC systems markedly decreased, indicating an He transfer
pathway in the catalytic reaction process. Meanwhile, similar experi-
ments were conducted using Ni-SAC as a reference sample, and the
results showed that the addition of ¢-BuOH did not affect FEco and Jco,
suggesting the absence of a He transfer pathway in the Ni-SAC system.
Operando EPR results revealed the generation of He in both NiPt
—-HDAC and NiPd-HDAC, pointing to a He transfer pathway akin to
NiCd-HDAC. In addition, the DMPO-+H signal is strongest in NiPd
-HDAC, moderate for NiPt-HDAC, and weakest in NiCd—HDAC (Sup-
plementary Fig. 32). This is in close association with the weaker
hydrogen adsorption strength of Pd relative to Pt and Cd, and in good
agreement with the aforementioned DFT calculation results. The
formed *H readily detaches from Pd’s surface to form He and then
reacts with dissolved CO, molecules to generate *COOH, which is
adsorbed on the surface of Ni to convert into CO.
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Fig. 7 | ECR performance on different NiM-HDAC (M = Cd, Pt, and Pd). a CO FEs
and (b) CO partial geometric current densities for Ni-SAC, Pt-SAC, and NiPt—-HDAC
at varying applied potentials. ¢ CO FEs and (d) CO partial geometric current den-
sities for Ni-SAC, Pd-SAC, and NiPd—-HDAC at different applied biases.

e Comparison of CO FEs and (f) CO partial geometric current densities among
Ni-SAC, NiPd-HDAC, NiPt-HDAC, and NiCd-HDAC at varied applied potentials.

Potential (V vs. RHE)

The potentials applied in all panels were iR corrected. The average R with a SE from
three independent measurements for Ni-SAC, NiPt-HDAC, NiPd-HDAC, and NiCd-
HDACis 8.76 £ 0.05Q, 9.14 £ 0.05Q, 8.89 + 0.07 ), and 8.69 + 0.02 Q, respectively.
Data are represented as mean + SE from two independent measurements. Source
data are provided as a Source Data file.

Discussion

We have demonstrated an He-transfer pathway for boosted ECR on
rationally designed NiM-HDAC (M = Cd, Pt, and Pd). Experiments and
DFT calculations show that M is the site where He is produced, and the
resulting He attacks CO, to form «COOH. «COOH is then adsorbed by Ni

for subsequent electrochemical processes to yield CO. By selecting an
appropriate M site with a suitable H adsorption strength, more He can
be generated, and the reaction kinetics of the catalyst are greatly
promoted. The as-developed HDACs display remarkable catalytic
activity and selectivity, markedly surpassing the single-atom
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counterparts. The resulting FEco exceeds 90.0% over a wide voltage
range from ~-0.6 to —0.91V in an H-type cell, and approaches
~97.4 +1.3% at —500.0 mA cm2 in a flow reactor on NiCd-HDAC. The
FEco is further boosted to nearly 100.0% at - —2.17 V (vs. Ag/Ag") in an
H-cell using 0.5 M [Bmim]PFs/MeCN catholyte. Our proposed reaction
mechanism and catalyst design concept open possibilities for devel-
oping highly active and selective CO,-to-CO conversion electro-
catalysts with a high atom economy. Further work in promoting C,.
production via the ECR by utilizing such an He-transfer approach is
underway.

Methods

Chemicals and materials

All chemicals employed in this work were analytical grade and used
without further purification. Nickel acetate tetrahydrate (99.0%), cad-
mium nitrate tetrahydrate (99.0%), 1,10-phenanthroline (99.0%), and
melamine (99.0%) were bought from Alfa Aesar. Nitric acid
(65.0-68.0%), ethanol (99.7%), and hydrogen chloride solution (37.0%)
were provided by Beijing Chemical Works. Palladium chloride (99.0%),
ammonium fluoride (99.0%), acetonitrile (99.0%), ammonium chloride
(99.0%), silver nitrate (99.0%), sodium hydroxide (98.0%), DMPO
(>97.0%), and carbon black (VXC 72 R) were acquired from Aladdin. ¢-
BUuOH (99.0%) was procured from Macklin. Tetraammineplatinum
dinitrate (99.0%) was acquired from Adamas. Nafion solution (5.0 wt%
in a mixture of water and lower aliphatic alcohols), sodium tetra-
chloroaurate (lll) dihydrate (99.0%), sodium sulfite (99.0%), and
sodium thiosulfate pentahydrate (99%) were supplied by Sigma-
Aldrich. The ionic liquid [Bmim]PF4 (99.0%) was purchased from the
Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences.
Toray carbon paper (TGP-H-060), with a thickness of 0.19 mm, resis-
tivity of ~5.8 mQecm, and porosity of 78.0% as used in H-type cells;
Freudenberg carbon paper (H23C9) with a thickness of 0.255mm,
resistivity of ~10 mQ.cm, and 40.0% PTFE binder as used in flow cells;
and Nafion 117 membranes (0.18 mm thick, >0.9 meqg™’ exchange
capacity) were supplied by Alfa Aesar. Ultrapure water (18.2 MQ-cm)
was obtained from a Millipore system for preparing the sample solu-
tions electrolytes, and for washing. Potassium hydroxide (99.7%),
potassium chloride (99.99%), and potassium bicarbonate (99.99%)
were obtained from Macklin. Deuterium oxide (D,O for NMR, >99.9%
atom D) was bought from Innochem Co., Ltd. High-purity Argon
(99.999%) and carbon dioxide (99.999%) gases were purchased from
Beijing Haipu Gas Co., Ltd. Carbon monoxide (99.999%) was acquired
from Air Liquide (China) Holding Co., Ltd. Ag/AgCl (in saturated KCI
solutions) reference electrode, 0.01M AgNO; in 0.1M tetra-n-buty-
lammonium perchlorate-MeCN Ag/Ag’ reference electrode, platinum
wire counter electrode, platinum mesh counter electrode, and plati-
num foil counter electrode, were purchased from GaossUnion Co., Ltd.
MFC CS200-A mass flow controllers were procured from Sevenstar
Flow Co., LTD.

Synthesis of Ni—SAC, Cd—SAC, and NiCd—HDAC

Under bath ultrasonication, 1.0 g of carbon black was dispersed in
150.0 mL of 5.0 M HNOj solution and then heated at 90.0 °C for 4.0 h
under reflux. After repeated washing with water to ensure a pH of
about 7.0, the acid-treated carbon black was vacuum-dried.
0.024 mmol of nickel acetate tetrahydrate, 0.24 mmol of cadmium
nitrate tetrahydrate, and 0.552 mmol of 1,10-phenanthroline hydrate
were dispersed in 5.0 mL of ethanol and stirred for 1.0 h at room
temperature. Then 120.0 mg of acid-treated carbon black and
240.0 mg of melamine were added to the solution and stirred for 4.0 h
at 60.0 °C. Subsequently, the mixture was dried at 60.0 °C overnight.
The resulting sample was annealed at 750.0 °C for 2.0 h with a ramp
rate of 5.0 °C/min under an N, atmosphere. As a result, NiCd—-HDAC
with a Ni content of 0.74 wt% and Cd content of 1.66 wt% determined
by ICP measurements was obtained. For the preparation of Ni-SAC and

Cd-SAC, only the Ni or Cd precursor was added while the other con-
ditions were kept constant as those used for the synthesis of NiCd
~HDAC. When 0.012 mmol or 0.03 mmol of nickel acetate tetrahydrate
precursor was added, NiCd-HDAC samples with a Ni content of
0.49 wt% and Cd content of 1.52 wt%, and Ni content of 0.86 wt% and
Cd content of 2.13 wt% were obtained, respectively. They were denoted
as corresponding NiCd (Ni: 0.49 wt%) and NiCd (Ni: 0.86 wt%).

Synthesis of Pt—SAC and NiPt—HDAC

0.024 mmol of nickel acetate tetrahydrate, 0.024 mmol of tetra-
ammineplatinum dinitrate, and 0.12mmol of 1, 10-phenanthroline
hydrate were dispersed in 5.0 mL of ethanol and stirred at room
temperature for 1.0 h. Subsequently, 120.0 mg of acid-treated carbon
black and 240.0 mg of melamine were added to the above solution and
stirred at 60.0 °C for 4.0 h. The mixture was then dried overnight at
60 °C. The resulting sample was then annealed at 750.0 °C for 2.0 h
with a ramp rate of 5.0 °C/min under an N, atmosphere. As a result,
NiPt-HDAC was obtained. For the synthesis of Pt-SAC, only the Pt
precursor was added while the other conditions were kept constant as
those used for the fabrication of NiPt-HDAC. By modulating the
amount of tetraammineplatinum dinitrate added while maintaining
the amount of nickel acetate tetrahydrate under similar synthetic
procedures, NiPt-HDAC samples with different Ni-to-Pt molar ratios
(e.g., Ni:Pt =1:0.5 and Ni:Pt = 1:2) were obtained.

Synthesis of Pd—SAC and NiPd—HDAC

0.024 mmol of nickel acetate tetrahydrate, 0.024 mmol of palladium
chloride, and 0.12 mmol of 1,10-phenanthroline hydrate were dis-
persed in 5.0 mL of ethanol and stirred at room temperature for 1.0 h.
Subsequently, 120.0 mg of acid-treated carbon black and 240.0 mg of
melamine were added to the above solution and stirred at 60.0 °C for
4.0 h. The mixture was then dried overnight at 60.0 °C. The resulting
sample was then annealed at 750.0 °C for 2.0 h with a ramp rate of
5.0°C/min under an N, atmosphere. As a result, NiPd-HDAC was
obtained. For the synthesis of Pd—SAC, only the Pd precursor was
added while the other conditions were kept constant as those used for
the fabrication of NiPd-HDAC. By adjusting the amount of palladium
chloride added while keeping the amount of nickel acetate tetra-
hydrate constant under similar synthetic procedures, NiPd—-HDAC
samples with different Ni-to-Pd molar ratios (e.g., Ni:Pd=1:0.5 and
Ni:Pd =1:2) were obtained.

Catalyst characterization

X-ray powder diffraction (XRD) was performed using a D/MAX-RC
diffractometer operated at 100.0 mA, 30.0 kV using Cu Ka radiation.
X-ray photoelectron spectroscopy (XPS) was conducted using a
Thermo Scientific ESCALAB 250Xi instrument. The instrument was
equipped with an electron flood and a scanning ion gun. Spectra were
calibrated against the C 1s binding energy at 284.8 eV. Optical absor-
bance was obtained by a Persee TU-1950 UV-vis spectrophotometer.
The Cd K-edge and In K-edge X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) spectra
were measured at BLOIC at the Taiwan Light Source, NSRRC. The
energy resolution (AE/E) for incident X-ray photons was found to be
approximately 1.4 x10™eV using a Si(111) double crystal mono-
chromator. The Cd and In measurements were done in the fluores-
cence mode. Transmission electron microscopy (TEM) and aberration-
corrected high-angle annular dark-field scanning TEM (HAADF-STEM)
were performed using a JEOL ARM200 microscope at 200.0 kV
accelerating voltage and with energy-dispersive X-ray spectroscopy
(EDS). STEM sample preparation was achieved by depositing a droplet
of suspension on a lacey carbon Cu grid. The Cd and Ni content was
determined with an Agilent 5110 inductively coupled plasma-optical
emission spectrophotometer. Raman spectra were obtained with a
Renishaw in Via Raman microscope with a He/Ne laser at 532.0 nm.
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Electrochemical measurements

Cathode preparation. For H-type cell measurements, 1.2 mg of cata-
lyst was dispersed in 241.2 pL of a mixture of isopropanol, deionized
water, and Nafion solution (5.0 wt%) with a corresponding volume
ratio of 120.0:120.0:1.2 under bath ultrasonication for 30.0 min to
attain a homogeneous suspension. The suspension was then loaded
onto a Toray carbon paper working electrode with an area of
1.2cm x 1.0 cm with a corresponding catalyst loading of 1.0 mg cm™
and dried at room temperature (about 25.0 °C).

For flow cell measurements, 2.0 mg of the sample and 2.0 pL of
Nafion solution (5.0 wt%) were dispersed in 400.0 pL of isopropanol/
H,0 mixture under bath ultrasonication to attain a homogeneous ink.
The ink was then deposited on a hydrophobic carbon paper working
electrode to form catalyst films with a 1.0 mg cm? catalyst loading.

For linear sweep voltammograms in Ar- or CO,- saturated 0.1M
KHCO; solution, 1.0 mg of a catalyst was dispersed in the mixture of
100.0 pL of ethanol, 100.0 pL of deionized water, and 100.0 pL of
Nafion solution (1.0 wt%). Subsequently, the mixture was ultra-
sonicated for 30.0 min to yield a homogeneous ink. Then, 7.95 pL of
the dispersion ink was loaded onto a 0.19625 cm” area glassy carbon
electrode with a catalyst load of 0.135mgcm™ and dried at room
temperature (about 25.0 °C).

Electrochemical CO, reduction tests

Salts were mixed with water or an organic solvent at the required
quantity to formulate the required electrolytes, using a volumetric
flask and stirring for 30 min with magnetic stir bars, then sealed to
store at room temperature. The Ag/AgCl reference electrodes were
calibrated against RHE with a pH=0 high-purity H,-saturated 0.5M
H,SO4, with a Pt wire as the working electrode, a graphite rod acting as
the counter, and the Ag/AgCl electrode as the reference. Cyclic vol-
tammetry was performed at a scan rate of 1.0 mV s™. The average value
of the two potentials at a current of 0.0 mA was taken to be the ther-
modynamic potential for hydrogen evolution reaction (i.e., E=0.0V
vs. RHE). The average potential for RHE was found to be — 0.197 V vs.
Ag/AgCl, and therefore the calibrated potential for E (vs. Ag/AgCl) was
assumed to be 0.197 V.

CO, electrolysis was tested in an H-type cell system with two
sealed compartments of 30.0 mL for each sealed half (purchased from
GaossUnion, China) separated by a Nafion 117 membrane. Before ECR
tests, the Nafion membrane was pre-treated by heating in 5.0% H,0,
aqueous solution and 0.5M H,SO, at 80.0 °C for 1.0 h, respectively.
Subsequently, the Nafion membrane was immersed in deionized water
under ambient conditions for 30.0 min and then washed with deio-
nized water. The treated membranes were kept in deionized water to
prevent drying out. Toray carbon paper with a size of 1.2cm x 1.0 cm
was used as the working electrode. Pt mesh (geometric area of
1.0 x 1.0 cm?) and Ag/AgClI (in saturated KCl solutions) electrodes were
used as the counter electrode and reference electrode, respectively.
The potentials were controlled by using an electrochemical working
station (CHI 760E, Shanghai CH Instruments Co., China). All potentials
quoted in this work were subjected to iR calibration and are stated
relative to the RHE unless otherwise stated. The potentials in this study
were measured with respect to the Ag/AgCl reference electrode (in
saturated KCl solutions) and converted to the RHE reference scale by

E(vs.RHE) = E(vs.Ag/AgCl)+0.197 + 0.0591pH @)

The electrochemical cell's resistance was measured using a
potentiostatic electrochemical impedance spectroscopy (PEIS)
method by scanning from 10000 Hz to 0.05 Hz both before and after
the electrolysis process. The intersection of the curve with the x-axis in
the EIS data denotes the solution resistance.

ECR was performed using an H-type cell (Supplementary Fig. 33)
with CO,-saturated 0.1 M KHCOj solution at room temperature (about

25.0 °C) and atmospheric pressure. The anolyte used was 12.0 mL of
0.1M H,S0y, solution (unless otherwise stated) to provide sufficient
protons that can migrate to the cathode through the Nafion proton
exchange membrane for the CO, reduction reaction. When saturated
with CO,, the pH of the catholyte (12.0 mL of 0.1M KHCO; solution)
was - 6.81 + 0.02. CO, at a flow rate of 10.0 mL-min™ as controlled by a
mass flow controller, was purged into the KHCO; solution for 30.0 min
or more to remove any residual air in the reservoir, then controlled
potential electrolysis was conducted at each potential for 60.0 min.

Linear sweep voltammetry sweeps in an Ar- or CO, atmosphere
were performed with a 200 mL three-electrode single-compartment
cell (purchased from Pine Research Instrumentation, Inc.) using Ag/
AgCl as the reference, Pt wire as the counter, and glassy carbon as the
working electrode, using a CHI 760E potentiostat (CHI 760E, Shanghai
CH Instruments Co., China). This was done at room temperature
(about 25.0°C) and atmospheric pressure. Rotating disk electrode
(RDE) experiments were run on an AFMSRCE RDE control system (Pine
Inc., USA).160.0 mL of 0.1 M KHCOj; solution purged with Ar or CO, for
at least 30.0 min was used as the electrolyte.

ECR tests were conducted at room temperature (around 25.0 °C)
and pressure with an electrochemical flow cell (Supplementary
Fig. S34) that consists of gas, cathodic, and anodic chambers. The
working electrode was fixed between the gas and cathodic chamber,
with the catalyst layer facing the cathodic chamber. An anion-
exchange membrane separated the cathode and anode compart-
ments in the flow cell. An Ag/AgCl electrode (in saturated KCI solu-
tions) and Pt foil (geometric area: 1.5x3.5cm?) were used as the
reference and counter electrode, respectively. .0 M KOH was the
electrolyte for both compartments. Electrolytes were pumped through
the catholyte and anolyte chambers with two peristaltic pumps at an
equivalent flow rate of 3.0 mL min™. CO, gas was fed into the chamber
behind the cathode at a flow rate of 20.0 mL min™, controlled by a
mass flow controller.

Quantitative analysis of gas and liquid products

Gaseous products from the cell were measured with an Agilent 7890B
gas chromatography (GC) system equipped with two thermal con-
ductivity detectors (TCDs) and one flame ionization detector (FID).
20.0 mL of the gas products in the dead volume of a gas bag (-1.0L)
was injected into the GC with the same pressure, temperature, and
time, using a sample lock syringe. CO and H, molar fractions of
injected samples were attained based on the GC calibration curve.
Liquid products were measured by 'H nuclear magnetic resonance
(NMR Bruker Avance Il 400 HD spectrometer) by a solvent pre-
saturation technique to suppress the water peak. Samples for NMR
were prepared by mixing 0.5 mL of the product-containing electrolyte
and 0.1 mL of DMSO-d, (as an internal standard). The FE values of the
gas products were calculated via the below equation:

FE=ZxnxF/Qgq =X; X U* il

x100% ®)
RTI total ’

where Z is the electrons transferred count (Z equals 2.0 for CO and H,
production), n is the number of moles of a given product, Fis Faraday’s
constant (96485.0 C:mol™), Qi corresponds to the total charge
passed during the electrolysis, P, is the atmospheric pressure, v is the
gas flow rate at the cathode gas outlet, x; is the volume fraction of gas
product i, T is the temperature, R is the ideal gas constant, and /o, is
the total current.

The TOF for CO with different catalysts was calculated as
follows**’:

Jeo/ZF

TOF =
Mg X0/M

x 3600 ©)
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where Jco is the partial current for the CO product, m.,.. is the catalyst
mass on the electrode, w is the metal loading in a catalyst from ICP-
AES, and M represents the atomic mass of Ni (58.69 g mol™) for the Ni-
based catalysts here.

Operando EPR tests

The EPR spectra were attained using an EPR spectrometer (Japan JEOL,
JES-FA300) operating in an X band frequency of 9220.531 MHz at
110.0K. The sweep width, center field, and sweep time are 100.0 G,
3290.0G, and 1.0 min, respectively. The operando EPR tests were
conducted using a three-electrode system in an H-cell of 10 mL (pur-
chased from GaossUnion, China) separated by a Nafion 117 membrane
at room temperature, with Ag/AgCl (in saturated KCl solutions) and a
Pt mesh (geometric area: 1.0x1.0 cm?) as reference and counter
electrodes, respectively. The catalyst loaded on CP was used as the
working electrode. Before the ECR test, 6.0 mL of electrolyte saturated
with purified Ar or CO, was mixed with 60.0 pL of DMPO, and the
purified Ar or CO, with a flow rate of 20.0 mLmin™ regulated by a
digital mass flow controller was fed continuously during the experi-
ments to ensure sufficient Ar or CO, supply. After the ECR test was
conducted at - 0.6 V (vs. RHE, without iR compensation), we sampled
30.0 pL of the resulting solution into a quartz standard sampling tube
and sealed the bottom of the tube with a wax sealing plate, and then
put the sampling tube in an EPR specific sample tube to detect He
and *COOH.

Preparation of working electrodes for SEIRAS

The gold film underlayers were pre-deposited onto silicon ATR crystal
by chemical deposition. The prism was first polished with a 0.05 pm
AlyO3 slurry and ultrasonicated in acetone and then water. The
reflecting plane of the prism was then immersed in a 40.0% NH4F
solution for 5.0 min to form a hydrogen-terminated surface. The prism
was subsequently immersed into a mixture of 2.0% HF and gold plating
solution comprising 5.75 mM NaAuCl,;-2H,0, 0.025 M NH,CI, 0.025M
Na,S,05:5H,0, 0.075M Na,S0s, and 0.026 M NaOH at 60.0 °C for
10.0 min. The resulting gold film on the silicon prism was rinsed with
de-ionized water and dried under ambient conditions. The gold film
was activated with potential scans from - 0.2 to 1.5V (vs. RHE) in 0.1 M
NaHCO; at a scan rate of 100.0 mVs™ in order to improve surface
enhancement. The NiCd-HDAC electrodes were prepared by dropping
NiCd-HDAC ink onto the activated gold film. NiCd-HDAC ink was
prepared by dispersing 100.0 mg of NiCd-HDAC powder into 2.5 mL of
isopropanol, followed by adding 40.0 pL of 5% Nafion solution to the
mixture. Following ultrasonication for 30.0 min, 75.0 pL of the ink was
dropped onto a 1.0 cm? gold film, followed by drying at room tem-
perature overnight.

Operando ATR-FTIR experiments

A custom-designed spectro-electrochemical cell with a three-electrode
configuration was used for operando SEIRAS (Fig. 6a). A gold-
supported NiCd-HDAC electrode was used as the working electrode,
a graphite rod as the counter, and a 3.5 M KCI Ag/AgCl as the reference
electrode. The cell was integrated into the Bruker INVENIO FTIR
spectrometer with a liquid-nitrogen-cooled mercury cadmium tell-
uride detector. The cell potential was controlled by a Biologic SP150
potentiostat. Spectra were recorded at a 4.0 cm™ spectral resolution,
and correspond to 64 co-added scans. CO, was kept bubbling into the
electrolyte throughout, and the system was mechanically stirred. Gas
flow rates were controlled by mass flow controllers (SevenStar) and
calibrated with an Agilent ADM2000 universal flow meter.

For switching experiments between CO, and CO, CO, was intro-
duced first into the electrolyte to saturate it. Then, spectral measure-
ments were performed at a constant applied potential of - 0.9V (vs.
RHE, without iR compensation). The spectra were collected while the
peak area remained almost unchanged during the spectral sampling.

The atmosphere was then switched to CO, and spectral scanning
started immediately until the peak area remained almost unchanged.
Following the spectral scans, the CO atmosphere was cycled back to
CO; and spectral scanning immediately restarted and continued until
the peak area remained almost unchanged.

Computation methods

DFT calculations were carried out using the Quantum Espresso
package and ultrasoft pseudopotentials®*?. The revised
Perdew-Burke-Ernzerhof (RPBE) functional®® was used to approx-
imate the exchange-correlation interaction, and a plane-wave basis set
with an energy cutoff of 50.0 Ry was employed. The Fermi-level
smearing width was set to 0.1 eV for both geometry optimization and
calculation of reaction energetics. To specifically discuss the electro-
catalysis on the NiM-HDAC (M = Cd, Pt, or Pd) catalysts, we considered
various NiMN, configurations in the (6 x 6) graphene slab (Supple-
mentary Figs. S1-S3 and Supplementary Table S1). A vacuum layer as
large as 16.0 A was used along the direction normal to the surface to
avoid periodic interactions. The Brillouin zone was sampled using
3 x3x1 Monkhorst-Pack k-point grids. Spin-polarizations were con-
sidered on all calculations, and all structures were optimized until
force components were below 0.05 eV/A. The reaction free energy was
calculated as AG=AEprr+AZPE-TAS, where AEpq represents the
change in total energy obtained by DFT calculations, and AZPE and
TAS are the zero-point energy and entropy corrections for the gas-
phase molecules taken from reference, respectively**. pCOHP curves
were calculated by using the LOBSTER package™. These orbital-pair
interactions can provide a quantitative measure of bond strengths. The
positive and negative energy regions in the pCOHP curves correspond
to the bonding and antibonding states, respectively. The vibrational
modes and infrared intensities of *COOH and *COOD adsorbates were
computed using a finite difference (FD) method, as implemented in the
Atomic Simulation Environment (ASE) package demonstrated in
recent literature®®”’.

Data availability
The data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided in this paper.
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