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Nickel dual-atom sites for electrochemical carbon

dioxide reduction
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Dual-atom catalysts, combining single-atom catalysts and metal alloys, are promising electrocatalysts for CO, reduction but
are limited by sluggish CO, reduction kinetics and ill-defined dual-atom sites. Here, we develop a catalyst of Ni dual-atom sites
via in situ conversion of nanoparticles into dual atoms. We achieve efficient electrocatalytic CO, reduction on Ni dual-atom
catalysts with a CO partial current density up to ~1A cm~2 and turnover frequency of 77,500 h-" at >99% Faradaic efficiency.
In situ X-ray absorption and theoretical calculations reveal that during the catalytic process the Ni dual-atom sites trigger the
adsorption of hydroxyl (OH,,), forming electron-rich active centres that endow a moderate reaction kinetic barrier of *COOH
formation and *CO desorption. The resultant catalytic microenvironment enables expedited kinetics compared with either the
kinetics of bare dual-atom sites or OH,, regulated single-atom sites.

added chemicals/fuels, coupled with renewable energy sources,

is promising to address the environmental and energy crises
and realize sustainable carbon neutrality"”. One important CO, val-
orization is electrochemical CO,RR to CO, as CO is a key feedstock
for the industrial Fischer-Tropsch process to produce valued prod-
ucts such as methane, methanol, diesel fuel, and so on’. Recently,
considerable progress in electrocatalytic CO,RR has been estab-
lished with high CO selectivity (>90%) by suppressing the competi-
tive hydrogen evolution reaction (HER). Unfortunately, the sluggish
CO,RR kinetics remain unsolved, even in widely acclaimed elec-
trocatalytic systems, such as single-atom catalysts (SACs) consisting
of isolated metal-nitrogen (N) sites**. This arises from restricting
the intrinsic scaling relationship of adsorption/desorption towards
reactants/intermediates on single-atom sites’. It follows that their
achieved current densities still fall far behind the commercial level
(>250mA cm™2)%. To this end, we sought to develop dual-atom cata-
lysts (DACs) for high-efficiency and economical CO,RR, as they
bridge SACs and conventional bulk/nanoparticle/cluster catalysts
(ensembles of atoms). Most strikingly, DACs can ideally overcome
the limitation of single isolated sites via synergistically regulat-
ing the CO, activation and intermediate formation/desorption,
thus allowing fast CO,RR kinetics on their adjacent metal sites’'.
However, limitations in the synthetic methods and lack of insightful
fundamental studies on dual-atom sites hinder the development of
DAC:s in high-efficiency CO,RR'*"*,

Here, we report a carbon-rich DAC with Ni dual-atom sites
(Ni,NC) towards CO,RR to CO, and investigate the catalytic behav-
iour of dual-atom sites. The atomic dispersion of Ni dual atoms was
confirmed by aberration-corrected high-angle annular dark-field

Electrochemical CO, reduction reaction (CO,RR) into value-

scanning transmission electron microscopy (HAADF-STEM),
together with X-ray absorption fine structure (XAFS) spectroscopy.
The dynamic process of Ni species transformation was recorded by
in situ environmental scanning transmission electron microscopy
(ESTEM), indicating a combination of Ostwald ripening of form-
ing the bulk phase and an atomization processes of converting bulk
phase to dual-atom sites for synthesizing Ni DACs. In electrocata-
Iytic CO, reduction to CO, Ni,NC achieved an industrial-level per-
formance, with a jo, (current density towards CO product) up to
1 Acm™, aturnover frequency (TOF) of 77,500 h~" at ~99% Faradaic
efficiency (FE) and a half-reaction energy efficiency of 66%, as well
as a 30h stability at ~290mA cm™2 Ab initio molecular dynamics
(AIMD) and free energy calculations, combined with in situ XAFS
measurement, disclose that hydroxyl adsorbate (OH,y)-induced
Ni dual-atom sites (Ni,N,OH) act as the real active sites towards
fast CO,RR kinetics and slower HER kinetics on Ni DAC. We also
found that OH,, can induce an electron-rich catalytic environment
around Ni dual-atom sites and promote the CO,RR process by the
favourable CO, activation and reduced energy barrier for *COOH
intermediate formation and *CO desorption. Our study indicates
the crucial role of constructing dual-atom sites and optimizing their
catalytic microenvironment for enhancing the catalytic activity of
metal catalysts, and highlights that engineering DACs is compelling
in boosting high-efficiency CO,RR and other important complex
catalytic reactions.

Results and discussion

Synthesis and characterization. Ni,NC was prepared through the
co-pyrolysis of Ni-citric acid complexes adsorbed on carbon carri-
ers and dicyandiamide (DCD) at 800°C. A Ni single-atom catalyst
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Fig. 1| Morphology of Ni,NC. a, HAADF-STEM image of Ni,NC, the dimers are depicted in the red circles. Scale bar, 2nm. Inset: the Ni-Ni atoms in
the observed diatomic pair. Scale bar, 0.25nm (area 1) and 0.5nm (area 2). b, Atomic distance of dual atoms in the experimental and simulated (Sim.)
STEM images. Inset: the theoretical model based on the simulated STEM image by quantitative STEM software. Scale bar, 0.25nm; a.u., arbitrary units.
¢, EELS spectrum based on area 2 in a. d-g, HAADF-STEM of Ni,NC (d) and corresponding elemental mapping images for C (e), N (f) and Ni (g).

Scale bar, 200 nm.

(Ni,NC) and Ni nanoparticles (Ni NPs) catalyst were also prepared
as reference samples through a similar pyrolysis process. The scan-
ning/transmission electron microscopy (SEM/TEM) and HAADF-
STEM images (Supplementary Figs. 1-3) show that Ni,NC and
Ni,NCinherit the intercross nanosheet morphology from NC, except
for the extra wrinkles induced from the carbon corrosion by Ni spe-
cies. Crystalline Ni species are excluded in Ni,NC and Ni;NC sam-
ples through TEM and X-ray diffraction analysis (Supplementary
Fig. 4). In the HAADF-STEM images (Fig. 1a), numerous adjacent
bright dots are observed for Ni,NC. The observed average distance
of these adjacent dots (~0.25nm) approaches that of the adjacent
Ni atoms (~0.24nm) in the simulated STEM image depicted with
the theoretical model (Fig. 1b and Supplementary Fig. 5), which

suggests that the two adjacent bright dots are assigned to Ni dual-
atom sites'”. Only isolated single bright dots are seen and recognized
as Ni single-atom sites in Ni,NC (Supplementary Fig. 6a,b)""*. The
N K edge and Ni L edge (Fig. 1c and Supplementary Fig. 6¢) in the
electron energy loss spectra (EELS) further reveal the generation
and stabilization of Ni dual/single atoms, which are anchored on
NC by Ni-N bonds'**. The elemental mapping images (Fig. 1d-g
and Supplementary Fig. 6d-g) verify a homogeneous distribution of
Ni, N and C elements over Ni,NC and Ni,NC.

In situ ESTEM measurement was used to monitor the dynamic
process of the transformation of Ni species during the pyroly-
sis process and investigate the formation mechanism of Ni dual
atoms (Supplementary Figs. 7-9). As shown in Supplementary

NATURE SYNTHESIS | www.nature.com/natsynth


http://www.nature.com/natsynth

NATURE SYNTHESIS ARTICLES

a

- Nifoil

. NiO

NiPc

— Ni,NC

— Ni,;NC
El
8
Sl TN T
k%)
[
g
£

8334 8340
T T T T
8320 8340 8360 8380 8400 8420
Energy (eV)

[4

—— Experiment data
O Simulation data

NC

IFT(E x(R)IA™)]

R+ AR(A)

b
. Ni-Ni
. Nifoil0.2
_ Ni-O-Ni
T : Ni0*0.2
§ ..........
= Ni-N Ni-c
S NiPc
=
w
= Ni-N
Ni,NC
T T

ABC

E Theoretical

Experimental

Intensity (a.u.)

8,320 8,340 8,360 8,380

Energy (eV)

8,400 8,420

Fig. 2 | Structural characterizations of Ni,NC and Ni;NC. a, The XANES spectra at the Ni K edge of Ni foil, NiO, NiPc (nickel(Il) phthalocyanine),

Ni;NC and Ni,NC. b, Fourier transforms (FT) of k3-weighted Ni K edge EXAFS experimental data for Ni foil, NiO, NiPc, Ni;NC and Ni,NC. ¢, Fourier
transforms of k3-weighted Ni K edge EXAFS experimental data and fitted data of the real parts and imaginary parts for Ni;NC and Ni,NC. d, A comparison
between the experimental XANES spectrum and the theoretical spectrum for Ni,NC. The main features reproduced are highlighted at points A-E.

The grey, turquoise and purple spheres represent carbon, nitrogen and nickel atoms, respectively. The Ni atoms with red circles mean the adsorbing

atoms in the XANES spectrum.

Figs. 7 and 8, Ni complexes on carbon carriers were first trans-
formed into nanoparticles at 200°C. Next, the crystalline Ni NPs
grew larger through an Ostwald ripening process until 500°C.
When the temperature was raised to 700 °C, bulk-phase Ni species
began to dissolve, and eventually disappeared at 800°C. Next, we
adopted Ni,, as an example to investigate the formation mechanism
(Supplementary Fig. 10) by theoretical calculation. The formation
of the first Ni atom in the N defect from the decomposition of the
Ni,, cluster requires a kinetic barrier of 1.16eV. A barrier of 1.47 eV
must be overcome to subsequently form the second Ni atom in the
N, defect from the decomposition of the Ni, cluster. However, the
formation of Ni single atom in the N, defect requires a higher bar-
rier of 2.08 eV. Therefore, the formation of Ni dual-atom sites was
dominant at high temperatures. Thus, we deduce that the evapo-
rated Ni atoms were captured by the double carbon vacancies in the
carbon carrier during the pyrolysis process and thus form dual-atom
sites (Supplementary Fig. 11), which is different from the typical
atomization process for synthesis of Ni single atoms'®. In addition,
it is worth noting that the pyrolysis temperature, amount of nitro-
gen source (ammonia additives) and molar ratios of metal precur-
sors and chelating agents will affect the generation/dispersion and
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chemical structure of Ni atoms, and corresponding Ni loading (see
details in Supplementary Figs. 12-25 and Tables 1-3).

The chemical structures of Ni,NC and Ni,NC were investigated
using the XAFS technique. The pre-edge of Ni,NC (~8,338¢eV) and
Ni,NC (8,339¢V) between those of Ni foil and NiPc (Fig. 2a) reveal
the valence of Ni as being between 0 and +2 (refs. '*'°). The lower
binding energy of the Ni 2p;, peak for Ni,NC (855.3eV) than for
Ni,NC (855.7¢V) verifies the lower Ni oxidation state in Ni,NC
samples (Supplementary Fig. 26)”’. In addition, the fitted Ni-N
peak in the high-resolution N 1s X-ray photoelectron spectroscopy
(XPS) spectra of Ni,NC and Ni,NC (Supplementary Fig. 27) indi-
cates the Ni-N coordination in Ni,NC and Ni,NC.

The extended X-ray absorption fine structure (EXAFS) tech-
nique was further employed to analyse the coordination environ-
ment of Ni. The prominent peak for the Ni-N shell was found at
~1.45 and 1.44A for Ni,NC and Ni,NC, respectively (Fig. 2b)".
Meanwhile, the Ni-Ni peak is only observed for Ni,NC (2.09 A),
which is highly relevant to the feature of Ni dual atoms for Ni,NC
and isolated single Ni atoms for Ni,NC, respectively. The fitted
coordination numbers (CNs) of N and Ni were, separately, 3.1 and
0.9, with the bond lengths of 1.89 A (Ni-N) and 2.51 A (Ni-Ni) for
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Fig. 3 | Electrocatalytic CO, activity using flow cell with 1M KOH electrolyte. a, Linear sweep voltammetry curves of Ni,NC, Ni;NC, Ni NPs and NC under
CO, and Ar atmospheres. b, FE of CO for Ni,NC, Ni;NC, Ni NPs and NC. ¢, Specific CO partial current density (jco) of Ni,NC, Ni;NC, Ni NPs and NC. d, TOFs
of Ni,NC, Ni;NC and Ni NPs. e, Long-term stability of Ni,NC in electrocatalytic CO, at —0.37V versus RHE.

Ni,NC. The CN of N for Ni,NC was 3.7, with a Ni-N bond length
of 1.86 A (Supplementary Table 4). On the basis of the experimental
and fitted Fourier transform-EXAFS spectra at R space (Fig. 2¢),
the local structure is proposed as N,-Ni-Ni-N, (Ni,N,) for Ni,NC
and NiN, for Ni;NC. Accordingly, the simulated X-ray adsorp-
tion near-edge structure (XANES) spectrum of Ni,NC (Fig. 2d)
is consistent with the experimental spectrum, further elucidating
that the coordination structure of the main Ni species is Ni,Ng.
The minor differences between the experimental and theoretical
XANES spectra originate from the inevitable existence of single-
atom and cluster species. Two intensity maximums at ~6 A~' and
~8 A~! (Supplementary Fig. 28g) are observed in the EXAFS wave-
let transform spectrum of Ni,NC, and are assigned to Ni-N and
Ni-Ni bonding, respectively. Only the Ni-N shell signal (6 A~") is

detected for NiyNC (Supplementary Fig. 28f)"". The comparisons
of the g-space magnitudes for FEFF-calculated k*-weighted EXAFS
paths (Supplementary Fig. 28d) further confirm the Ni-Ni path
(6.50 A") and Ni-N path (8.70 A~) for Ni,NC, with only the Ni-N
path (6.40 A™) for Ni,NC. These results synergistically clarify the
atomic dispersion of Ni dual-atom sites in Ni,NC.

Temperature-programmed desorption analysis detects domi-
nant chemisorption of CO, molecule (~350-450°C) for Ni,NC,
which contributes to its high CO, adsorption capacity at room tem-
perature (22cm’g™"; Supplementary Fig. 29). Interestingly, super-
hydrophobicity is observed on Ni,NC with a contact angle of 151°
(Supplementary Fig. 30), which will facilitate the three-phase inter-
facial reaction, suppress the electrode flooding and accelerate gas
transfer during the catalytic process***.
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Fig. 4 | In situ XAFS analysis. a, The XANES spectra recorded at Ni K edge of Ni,NC at different applied potentials; BE and ABE represent bulk electrolysis
and after bulk electrolysis, respectively. b, The first derivative of XANES, the vertical dotted line indicates the tendency of the valence state shift. ¢, The
Fourier transforms of k3-weighted Ni K edge EXAFS experimental data and fitted data for Ni,NC. d, Comparing the experimental XANES spectra (solid
lines) and the theoretical spectra (dotted lines) calculated with the depicted structures. The main features reproduced are highlighted by the vertical
dotted lines. The atoms with red circles represent the adsorbing atoms in XANES spectra, the grey, turquoise, red, white and purple spheres represent

carbon, nitrogen, oxygen, hydrogen and nickel atoms, respectively.

CO,RR activity evaluation. Electrocatalytic CO,RR on all samples
was first assessed in an H-type cell (Supplementary Fig. 31). Only
gas products (CO and H,) are detected in our catalytic systems
(Supplementary Figs. 31 and 32). Ni,NC exhibits an excellent selec-
tivity in electrocatalytic CO,-to-CO. Its FE, reaches 98.7% from
—0.4 to —0.9V versus RHE (reversible hydrogen electrode), outper-
forming that of NijNC (90%), Ni NPs (80%) and NC (20%). The
feasibility of Ni,NC in practical electrocatalytic CO,RR was further
evaluated in a flow cell with 1 M KOH electrolyte, as alkaline elec-
trolyte can effectively inhibit HER, promote the activation of CO,
molecules and lower the kinetic barriers of intermediate formation
and desorption (Supplementary Fig. 33)*. In 1 M KOH electrolyte,
Ni,NC exhibits the lowest onset potential among the catalysts (Fig.
3a). The FE, of Ni,NC is maintained at ~99% over the applied
potentials (Fig. 3b), while it is ~96% for Ni,NC. Importantly, Ni,NC
achieves a breakthrough j., up to ~1 Acm™ at an FE., of 99%,
which is double the value of NijNC (~0.53 Acm™) (Fig. 3c), far
surpassing the recorded values for CO,RR to CO (Supplementary
Table 5) and highlighting the significant role of synergistically
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utilizing adjacent Ni atoms in accelerating CO,RR. Negligible j.,
(<0.03 A cm™2) with the lower FE., of NC and Ni NPs than Ni,NC
and Ni,NC underlines the advantage of atomically dispersed Ni-N
sites in electrocatalytic CO,RR. The excellent catalytic activity of
Ni,NC is also gleaned from its larger TOF of 77,500h~' compared
with Ni;NC (45,680h") and Ni NPs (1,940 h™") (Fig. 3d), suggesting
that dual-atom sites possess a superior intrinsic activity and a faster
reaction rate for electrocatalytic CO,RR compared to single-atom or
particle sites. Importantly, the Ni,NC demonstrates an energy-effi-
cient CO,RR process with a superior half-reaction energy efficiency
(~66% at j, of 1 Acm™?) (Supplementary Fig. 34). Moreover, Ni,NC
achieves lower overpotential (15.33mA cm™2, 38 mV) and larger jo
(579.3mA cm™2, 430mV) in 1M KOH than those obtained in 1M
KHCO;, (16.73mA cm™, 280mV; 375.1mA cm™2, 464mV) (Fig. 3
and Supplementary Fig. 35), manifesting the faster reaction kinet-
ics in the alkaline system. The lower Tafel slope (69.6mV dec™)
obtained by Ni,NC compared with NijNC (131mVdec™), Ni
NPs (252mVdec™) and NC (170mV dec™) further suggests its
faster CO,RR kinetics (Supplementary Fig. 31c)***. Ni,NC also
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shows lower charge transfer resistance during the CO,RR process
than NiNC in electrochemical impedance spectroscopy (EIS)
(Supplementary Fig. 36a and Supplementary Table 6). In addi-
tion, the larger electrochemical active surface area of Ni,NC was
reflected by its higher electrochemical double-layer capacitance
(Cg» 31.31 mFcm™; Supplementary Fig. 36b) than that of Ni,NC
(14.5mF cm™2), Ni NPs (7.38 mF cm™2) and NC (7.31 mFcm™2). This
is associated with its higher Brunauer-Emmett-Teller surface area
(270.8 m*g~'; Supplementary Table 7) than for Ni;NC (239.1 m?g™"),
NiNPs (201.2m?g™") and NC (209.3 m*g™), and abundant pores and
defects (Supplementary Figs. 37 and 38)"*. These features endow
Ni,NC with more electrochemical active Ni sites (19.20 nmolcm=%
Supplementary Fig. 39) than Ni,NC (4.81 nmolcm™2) despite their
similar Ni loadings (0.29 at% for Ni,NC; 0.26 at% for Ni,NC) indi-
cated by inductively coupled plasma optical emission spectrometry
detection (Supplementary Table 1).

Importantly, Ni,NC achieved a remarkable long-term durabil-
ity in a flow cell with no apparent degradation of current density
(~290mA cm™2) under 30h operation (Fig. 3¢). The slight decay of
FE, to 97% probably stems from the flooding issue and carbonate
accumulation on the electrode rather than disabling of the Ni,NC
catalyst. In an H-type cell, Ni,NC is robust over 100h electrolysis
(Supplementary Fig. 31d). HAADF-STEM, ex situ X-ray diffrac-
tion and XPS analysis disclose that the preservation of the atomi-
cally dispersed Ni dual atoms free of Ni particles is responsible for
the long-term durability of Ni,NC (Supplementary Figs. 40 and 41).
Thereby, Ni,NC with exceptional activity and robust stability is of
great value in electrocatalytic CO,RR.

The electrocatalytic activities of the contrast Ni,NC sam-
ples were also investigated (Supplementary Fig. 42). The j,
and FE., for NiNC-700 (311.1mAcm™ 90.2%), Ni,NC-900

(561.5mAcm™ 98.1%), Ni,NC-0.5 (439.7mAcm™? 93.3%),
Ni,NC-1.5 (464.1mAcm™> 94.9%), Ni,NC-1/2 (403.4mAcm™%
98.0%) and Ni,NC-1/4 (657.6mA cm~2; 98.7%) are all lower than
the target Ni,NC samples (1,000mA cm™?% ~99%; Supplementary
Table 8). These results highlight the superiority of Ni dual atoms
in promoting CO,RR over Ni clusters and the important contribu-
tion of Ni loading to increasing j., of Ni,NC samples. Therefore,
synergistically controlling the generation/dispersion and structure
of Ni dual atoms and Ni loading for Ni,NC samples, by optimiz-
ing the pyrolysis temperature, amounts of nitrogen source and the
molar ratio of metal precursors and chelating agents, will greatly
affect their CO,RR behaviours.

In situ attenuated total reflection-infrared (ATR-IR) spectros-
copy measurement was undertaken to identify the occurrence of
CO, reduction to CO on Ni,NC. Over the applied potentials, the
C-O stretching and OH deformation bands of the *COOH inter-
mediate separately emerge at 1,353.3cm™ and 1,278.6cm™ for
Ni,NC. The gradually rising band at 1,918.8 cm™ under operational
potentials lower than —0.8V versus RHE was ascribed to *CO
(Supplementary Fig. 43)*".

Unveiling the active sites. In situ XAFS was applied to investi-
gate the Ni dual-atom sites of Ni,NC during the catalytic process
in the flow cell system. As shown in the XANES spectra (Fig. 4a),
the pre-edge of Ni,NC samples during the CO,RR process is still
located between that for Ni foil and NiO, excluding the formation
of metallic Ni'"’. The first derivative of XANES in Fig. 4b suggests a
slight decrease in the oxidation state of Ni during the CO,RR pro-
cess due to charge transfer from the active sites to reactants and
intermediates®. All Ni,NC samples show a distinct Ni-N scatter-
ing path peak at ~1.34 A, with no apparent changes in the Fourier
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transform-EXAFS spectra (Fig. 4c) under the CO,RR turnover con-
ditions, further suggesting the excellent stability of Ni,NC. Slight
variation in the CN (AN<0.1) and bond distance (R, AR<0.05)
of the Ni-N and Ni-Ni shell are found on Ni,NC under electroly-
sis conditions (Supplementary Table 9). This is due to the changed
electronegativity of Ni induced by the absorption of reactants or
intermediates (*CO,, *COOH, *CO, *OH, and so on)*, which
is also verified by the in situ ATR-IR analysis. Different from the
Ni,NC powder sample, the experimental XANES spectra of Ni,NC
during the CO,RR process agree well with the theoretical XANES
spectra depicted with the theoretical models (Ni,N;OH) (Fig. 4d).
These results indicate that the Ni dual-atom sites will spontaneously
adsorb hydroxide ions on applying the potential, in turn, which thus
alters the microenvironment around the Ni active sites™".

Catalytic mechanism. To illustrate the real electrocatalytic CO,RR
process of Ni,NC, ab initio molecular dynamics were applied to
investigate the kinetics of CO,RR in a water environment (Fig. 5
and Supplementary Figs. 44-50)*>%. Unlike the free energy cal-
culations under a vacuum environment, the kinetics calculations
proceed without fixing the CO, adsorption at a particular position.
The structural evolution of the Ni,N,OH site occurred during the
electrochemical steps (Fig. 5a). This shows the stable position of the
adsorption configuration while the position of OH,, changed during
the catalytic process, which will bring the regulated catalytic sites
towards a reduced overall reaction energy barrier. To further under-
stand the modulation effect of OH,4 on the catalytic sites, a model
of NiN,OH was also considered. The kinetic barriers for different
steps on various active sites and the relationship between the charge
capacity of the central Ni sites and the formation energy of the
*COOH intermediate are shown separately in Fig. 5b,c. The results
suggest that the OH,;-induced increases in the charges of the central
Ni sites will facilitate the CO, activation and lead to lower forma-
tion energies of *COOH on OH,4 Ni sites compared to those on
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OH,,-free Ni sites. The relationship of Ag (Bader charges;
Supplementary Table 10) and AG.coou/AH.cooy further reveals
that the introduction of OH,, increases the charge of the active sites
and induces an electron-rich catalytic microenvironment, which
will strengthen the adsorption of the key intermediate of *COOH
and deliver an optimized CO, reduction process (Fig. 5b). Indeed,
the CO,RR thermodynamics are promoted on the OH,,-induced
Ni atom sites (Ni,N,OH and NiN,OH) for Ni SACs and DACs, as
verified by the calculated vacuum Gibbs free energy for these elec-
trochemical steps (Supplementary Fig. 51). When the Ni,N site is
regulated by OH,,, the energy barrier for *COOH formation on
Ni DACs with the resultant Ni,N,OH sites is decreased to 0.31eV.
In addition, the barrier for *CO desorption on the Ni,N,OH site
(0.36¢eV) is also lower than that of the Ni,N; site (0.56eV) despite
their similar barrier for the *CO formation step (0.71eV). The
NiN,OH site also shows a reduced energy barrier for *COOH for-
mation (1.08eV) compared to its counterpart NiN, site (1.26eV).
Figure 5c also discloses the faster reaction kinetics on dual-atom
sites than on single-atom sites, due to the lower barriers for the elec-
trochemical steps of forming *COOH on Ni,Nj sites (0.55eV) com-
pared to NiN; sites (1.26 eV) (Supplementary Figs. 52-57). Thus, the
rapid CO,RR kinetics for Ni DACs originate from that the adsorbed
hydroxyl (OH,4)-induced Ni dual-atom catalytic sites (Ni,N;OH)
effectively facilitating *COOH formation and *CO desorption®.
The calculated kinetic barriers of the HER-Volmer step on Ni sin-
gle- and dual-atom sites also suggest that CO,RR possesses faster
kinetics than the competing HER, accounting for their high selec-
tivity for CO,-to-CO (Fig. 5¢).

Synthesis of other dual-atom catalysts. Notably, other M,NC
(M=Zn, Mn and Pd) were successfully fabricated via this ligand-
mediated method by merely replacing nickel(II) acetate tetrahy-
drate with zinc acetate dihydrate, manganese acetate and palladium
chloride, respectively (Fig. 6, Supplementary Figs. 58-67 and
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Supplementary Table 11). The metal K edge experimental XANES
and XPS spectra of the as-prepared M,NC disclosed the valence of
M as between 0 and +2. The M-N and M-M bonds were identi-
fied by the EXAFS analysis. The good correlation between their
theoretical and experimental XANES spectra (Supplementary
Figs. 68-72) further suggested that the main coordination structure
of the metal species in these DACs is M,N; (ref. °'). The atomic dis-
persion of M, atoms on the NC substrate is confirmed for M,NC
through HAADF-STEM imaging’*. No aggregated bulk metallic
particles were detected in these TEM images and X-ray diffrac-
tion patterns (Supplementary Figs. 58, 61, 64 and 67). These results
demonstrate that the preparation of M,NC follows the same pro-
cedure as Ni,NC. Moreover, the controllable synthesis of DACs on
a gram-level scale (up to 2g) is realized via this strategy as well,
which is beneficial for the application of DACs in practical catalysis
(Supplementary Fig. 73).

Discussion. In summary, we developed well-defined and uniform
Ni DACs and achieved an industrial-level CO,RR performance
with high activity and robust stability. The in situ ESTEM and
transition-state calculations reveal the formation mechanism of the
dual-atom sites. This universal synthetic method can be expanded
to develop other dual-atom catalysts (for example, Pd,NC, Mn,NC
and Zn,NC). According to theoretical calculations and in situ XAFS
techniques, Ni dual-atom sites allow a significantly boosted elec-
trochemical CO, reduction through sufficient CO, activation and
appropriate adsorption/desorption of the key intermediates via an
OH,,-optimized catalytic microenvironment around Ni dual-atom
sites (Ni,N;OH). Taken together these endow Ni,NC with superior
reaction kinetics and selectivity towards CO production. This work
paves the way for a universal method to fabricate DACs in pursuit
of exceptional electrocatalytic activity, speeds up the development
of effective electrocatalysts for industrial electrolytic CO,RR and
encourages the rational design/application of new DACs in other
critical catalytic reactions.

Methods

Chemicals and materials. Nickel(II) acetate tetrahydrate (Aladdin, N112914,
NiC,H,0,-4H,0, 99%), manganese acetate (Aladdin, M110793, MnC,H,O,-4H,0,
AR), zinc acetate dihydrate (Aladdin, 2110777, C,H,0,Zn-2H,0, AR), palladium
chloride (Aladdin, P196359, PdCl,, 99.999 %, metal basis), ammonia solution
(Aladdin, A112077, NH,-H,0, 25-28%, AR), citric acid monohydrate (Aladdin,
C112632, C;H,0,-H,0, AR), dicyandiamide (Aladdin, D100429, C,H,N,, 98%),
potassium bicarbonate (Aladdin, P110485, KHCO;, 99.5%), hydrochloric acid
solution (Beijing Chemical Works, A0300003, HCI, 35-38 %), sodium citrate
tribasic dihydrate (5116311, C;H;Na,;0,-2H,0, 99%), ethanol (Beijing Chemical
Works, C,H;OH, B0301002, >99.8%), sulfuric acid (H,SO,, Aldrich, 98%), 5%
Nafion solution (Dupont), 212 Nafion membrane (Alfa Aesar), anion-exchange
membrane (Fumasep, FAA-PK-130), ultrapure water (Millipore, 18.2 MQ cm)
used for all processes, Ar and CO, (Changchun Juyang Gas Ltd, >99.999 %),
carbon paper (CeTech, N1S1007), gas diffusion electrode (Sigracet, 39BB). These
chemicals were used without further purification.

Preparation of carbon substrate. Sodium citrate tribasic dihydrate (10g) was
dried in an oven at a temperature of 150 °C for 48 h. Then, the reaction temperature
was decreased to room temperature, and a white powder was obtained and
transferred into a porcelain boat and heated for 1hour at a fixed temperature
(800°C) and a temperature ramp rate of 5°Cmin~"' using Ar flow. The harvested
black powder was treated with 5M H,SO, solution for 12h at 80°C, and several
washing processes with ultrapure water and ethanol, as well as 6 h drying at 75°C.

Preparation of NC. As-synthesized carbon substrate (100 mg) and dicyandiamide
(1g) were well mixed by grinding together and heated for 2hours at 800°C
(temperature rate of 5°Cmin~"') using gas flow of Ar. Then, NC was collected
through a washing process using ultrapure water and ethanol and a 6 h drying
process at a fixed temperature of 75°C.

Preparation of Ni,NC and Ni,NC. First, nickel(II) acetate tetrahydrate (12.8 mg)
and citric acid monohydrate (32.2 mg) were dissolved in 2 ml of ethanol and

the solution kept at room temperature with stirring for 1h. Subsequently, on
adding the carbon substrate (100 mg) into the solution, the mixture was stirred
continuously under ambient conditions for 6h, and the resulting dispersion

changed to a black solid after 12h drying at 75°C. After grinding with
dicyandiamide (1g) in a mortar, the black solid was transferred into a porcelain
boat. The black solid was heated for 2 h at 800 °C with a temperature rate of
5°Cmin~' with an Ar stream. Ni,NC was obtained after washing several times with
3 M HCl solution and ultrapure water, and then drying for 12h at 80°C. Ni;NC
was obtained using a similar procedure, except that ammonia solution (50 pl)

was added in the first step. To study the influence of pyrolysis temperature, the
molar ratio of metal precursors and chelating agent (citric acid) and the amount
of nitrogen source (dicyandiamide) on the morphology and the dispersion of dual
metal atom on NC, more contrast samples were synthesized as follows: (1) the
pyrolysis temperature was varied from 800 °C to 700 °C and 900 °C; (2) the ratio of
metal precursors and chelating agents was changed from 1:3 to 1:2 and 1:4; and (3)
the amount of dicyandiamide was changed from 1gto 0.5g and 1.5g. Additionally,
large-scale synthesis of Ni,NC was carried out with 20-fold higher amounts of
precursors compared to the above synthesis procedure for Ni,NC.

Preparation of Mn,NC, Zn,NC and Pd,NC. Mn,NC, Zn,NC and Pd,NC were
synthesized using a similar procedure to that used for fabricating Ni,NC. The
amounts of the metal salt and citric acid monohydrate used in each synthesis were:
manganese acetate (4.5 mg) and citric acid monohydrate (11.48 mg); zinc acetate
dihydrate (3.4 mg) and citric acid monohydrate (9.64 mg); palladium chloride
(1.67 mg) and citric acid monohydrate (5.92 mg).

Characterization. An X-ray diffractometer (micro-XRD, Rigaku, Japan) with
Cu Ka radiation with A=0.15406 nm was used to collect the powder X-ray
diffraction patterns. The SEM images were undertaken using an Hitachi S4800
field emission scanning electron microscope, with an accelerating voltage fixed
at 10kV. TEM was performed on a JEM-2100F instrument, wherein the field
emission gun operating voltage was set at 200kV. An FEI Titan Themis 60-300
instrument was adapted to collect the HAADF-STEM analysis and relevant
element mapping with energy-dispersive spectroscopy, with the working voltage
of the spherical aberration corrector set at 200kV. A micro-Raman spectrometer
(Renwashaw) was used to obtain the Raman spectra. The Fourier transform
infrared (FTIR) spectra were acquired using a Nicolet 6700 FTIR spectrometer.
N, adsorption/desorption isotherms were recorded using a Micromeritics
ASAP 2020. The CO, temperature-programmed desorption profiles were
obtained using a Micromeritics Autochem chemical adsorption instrument.

A ThermoFisher Scientific ESCALAB 250Xi spectrometer was used to record
the XPS spectra, with the spectra calibrated on the basis of the C 1s binding
energy at 284.4 eV. Electrochemical measurements were undertaken using a
Biologic VMP3 electrochemical workstation under ambient conditions. NMR
spectra were collected using a Bruker NMR spectrometer (AVANCE-III HD
500). Gas components analysis was performed on a ThermoFisher Trace 1300
gas chromatograph with pulsed discharge and flame ionization detectors. The
Ni loading of catalysts was measured on an inductively coupled plasma optical
emission spectroscope (PE Avio 200).

Electrode preparation. Catalyst (5mg) was dispersed in the mixed solvent of
ethanol (950 pl) and Nafion solution (50 pl, 5wt% in ethanol). After sonication for
1 h, the homogeneous catalyst suspension was drop-casted onto carbon paper and
the gas diffusion layer (reaction area of H-type cell, 1 cm? reaction area of flow cell,
1.1cm?). The catalyst loading on the electrode was 0.5 mgcm™ in the H-type cell
and 1.0mgcm~ in the flow cell, respectively. Notably, the geometric surface area of
the electrode was adapted to calculate the current density.

Electrochemical measurements. A Biologic VMP3 electrochemical workstation
was used for all electrochemical measurements under ambient conditions.
The CO, electrochemical reduction was tested in a traditional H-type cell with
Nafion 212 film separating the components and a homemade flow cell (separated
by FAA-PK-130) system (Supplementary Fig. 35). Pt mesh and Ni foam were
used as the counter electrode for H-type and flow cell systems, respectively.
The reference electrode was an Ag/AgCl electrode. All applied potentials were
changed to those with respect to the RHE on the basis of the equation, Exyz=E,y
agai+0.05916 X pH +0.197 + E;;), and the scan rate of the linear sweep and cyclic
voltammetry curves was 10mV's™'. An a.c. voltage with a voltage amplitude
of 10mV was applied during the EIS testing process over a varying frequency
(100kHz-0.1 Hz). The electrochemical active surface area was evaluated by Cy,
which was acquired from cyclic voltammetry results in the potential window of
0.5-0.6 V (versus RHE). The chronoamperometric measurements were carried
out at various potentials with a fixed time of 20 min. The gas-phase composition
was analysed on a ThermoFisher Trace 1300 gas chromatography equipped with
pulsed discharge and flame ionization detectors. High-purity helium (99.9999%)
and nitrogen (99.9999%) were employed as carriers or make-up gases for the
chromatography. A Bruker AVANCE-III HD 500 was utilized to detect the
amounts of liquid products of electrolysis.

The FE for the gas products was calculated using the following equation:

_QCO _ZXHXF

FE = = —
Qtotal Qlotal
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where Q is the total charge collected through the applied working electrode,
Z is the number of transfer electrons, which is 2 for both CO and H,, 7 is the
number of moles for a given product and F is the Faradaic constant with a value of
96,485 Cmol".

The TOF for CO formation was calculated as follows:

TOF — Iproduct/nF
Mear@/Myi

where I, is the partial current for a specific product, m,, is the catalyst mass,
® is the Ni content of the catalyst and My represents the atomic mass of Ni
(58.6934 g mol™").The cathodic energy efficiency of CO formation was calculated
as follows™:

FE (%) x AEY,

$eo = ——7F—
AEco

where @, is the cathodic energy efficiency of CO formation, AE’, is the
difference between the half-reaction potential for water oxidation (1.23 V versus
RHE) and the potential for CO, reduction to CO (0.11 V versus RHE) and AE,
is the difference between the half-reaction potential for water oxidation and the
applied potential at the cathode.

Calculation of the surface molar concentration of Ni centres. The surface molar
concentration for the electrochemical reactive Ni centres (I',) was calculated
according to the slope of the linear correlation between the appropriate peak
current for the Ni**/Ni** reduction curve and the varying scan rate’*:

n*F*ATg
Slope = ————
4RT
where n is 1, F represents the Faraday constant of 96,485 Cmol™, A is the geometric
surface area of the glassy carbon electrode (0.19625 cm?), I'; is the surface reactive
concentration (molcm=2), R is the ideal gas constant of 8.314Jmol~' K~' and T'is
the temperature (room temperature of 298 K here).

In situ ESTEM measurement. The in situ ESTEM measurements were
performed on a Hitachi HF5000 aberration-corrected scanning transmission
environmental electron microscope equipped with a Hitachi heating rod,
which can be heated from room temperature to 1,000 °C. The accelerating
voltage was fixed at 200kV. The in situ ESTEM measurements were made to
record the dynamic process of the transformation of Ni species by pyrolyzing
the mixture of dicyandiamide and carbon carrier adsorbed on the Ni-citrate
complex. The programmed temperature heating system was raised from room
temperature to 100 °C, 200°C, 300 °C, 400°C, 500°C, 700°C and 800°C at a
rate of 5°Cs~". Characterization of samples began 0.5 after reaching a
predetermined temperature.

XAFS measurements. The ex situ X-ray absorption related data were gathered
from beamline BLO1C1 at the National Synchrotron Radiation Research Center
(NSRRC), Taiwan, with technical supports from the Ceshigo Research Service
(www.ceshigo.com), wherein the monochromator used was a Si(111) double
crystal. The in situ XAFS measurements were carried out at the X-ray absorption
spectroscopy beamline of the Australian Synchrotron (ANSTO) in fluorescence
mode, with technical support from Ceshigo Research Service. Athena software was
used to process the data for XANES and EXAFS.

In situ ATR-IR measurement. The in situ ATR-IR monitoring process

was carried out using a Nicolet 6700 FTIR spectrometer armed with an MCT
detector and a PIKE VeeMAX III ATR accessory. A single cell with 25 ml of

0.1 M KHCO; electrolyte was used as the reactor. The working electrode was
monocrystalline silicon with a Au film substrate. Ag/AgCl was used as the
reference electrode, while a Pt wire was used as the counter electrode. Before
starting the tests, the device was purged with ultrapure water and the electrolyte
was treated for 30 min with a continuous Ar flow to eliminate the possible
influence of air. Then, CO, was introduced into the electrolyte for 30 min to
achieve CO, saturation. The background spectrum was collected with no potential
applied, and spectra were recorded during the electrolysis procedure under
different potentials. A 4cm™ resolution and 32 scans were applied in the
collection of all the spectra. Potentials were corrected with respect to a
reversible hydrogen electrode™.

XANES theoretical simulation. The metal K edge XANES simulation was
performed using JFEFF v.9.6.4 on the basis of density functional theory (DFT)-
optimized structures. XANES simulation was conducted with full multiple
scattering cut-off radius of 6 A, self-consistent field cut-off radius of 5 A and
RPA-screened core hole. The Hedin-Lundqvist model was adopted in the energy-
dependent exchange correlation potential. The theoretical XANES spectra of each
metal as absorbing atoms in bimetallic centres were calculated and the two as-
obtained XANES spectra were merged according to their equal weights™.
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Computational details. All calculations in this work were carried out using the
Vienna Ab initio Simulation Package (VASP)*, and the generalized gradient
approximation®' of Perdew-Burke-Ernzerhof (PBE)* functional with the projector
augmented wave (PAW) method was considered in the whole DFT calculation.
The energy cut-off for the plane-wave basis was set to 400 eV, the force on each
atom and the self-consistent calculations were set for convergence of relaxation at
less than 0.03 eV A~' and 10-°eV; respectively. The Brillouin zone integration was
performed using 33X 1 space and the van der Waals interaction of species and
substrates used the PBE-D3 method.

The CO,RR process was modelled as followed:

* 4+ CO,+H' +e —* COOH
*COOH +HT + e~ = CO

*CO =™ +CO

where the asterisk (*) means the surface catalytic sites.
The free energies of each step (CO,RR) were calculated according to the
following equation®’:

AG = AEpgr 4+ AEzpg — TAS

Constrained AIMD was used to estimate the kinetic barriers of CO, reduction
to CO in a water environment. The solvation effects were taken into consideration
in the calculated process using an explicit solvent model as CO,RR involved in the
proton and electron transfer. The cut-off energy of AIMD was set at 300eV and the
time step in the molecular dynamics was set to be 0.5fs (refs. ****). The Helmholtz
free energy was obtained from the ‘slow growth’ method, in which the initial state
and final state can be calculated by thermodynamic integration*:

C(ES)

oF
Wis_sps = / (i)dt

£@s)

wherein ( is a velocity of transformation, the work Wis_, ps corresponds to the free
energy difference between the final and initial states, & is related to constrained
molecular dynamics through the SHAKE algorithm. Tie value of d was set to
0.0005 A for the ‘slow growth; along with the reaction coordinate.

All AIMD simulations employed only the gamma point with no symmetry and

the NVT thermostat (300 K) was used to calculate free energy*’.

Data availability
Data supporting the findings of this study are available in the article and
Supplementary Information. Source data are provided with this paper.
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