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Tuning binding strength between single
metal atoms and supports enhances
electrochemical CO2 methanation

Linbo Li1,2,7, Xin Lei1,3,7, Zhilong Zheng1,4, Yingjun Dong1, Haohui Chen1,
Jun Chen 5, Yi Zhong1, Yongping Zheng 1, Yongbing Tang 1,2 ,
Xiaolong Zhang 1,2 & Hui-Ming Cheng 1,2,6

Single-atom catalysts (SACs) with tunable site density and activity are pro-
mising for catalytic processes. However, the relationship between interacting
sites and the catalytic mechanism, as well as the effect of the support on this
relationship, remains incompletely understood. Here we report a support
geometry engineering strategy to control the inter-site distance (dsite) of
Cu–N–C (CuNC) SACs via strong interactions between CuNC and a secondary
support (ss). This process allows tuning of the binding strength (that is Cu–N
bond length) between individual Cu atoms and theN-doped primary supports,
concomitantly suppressing defect formation and Cu atom detachment in the
CuNC framework. The continuous optimization of the electronic and coordi-
nation structure of individual active Cu sites, achieved by reducing the dsite to
approximately 0.7 nm, enhances their inherentCO2-to-methane selectivity and
activity. As a result, the ss-engineered CuNC with a moderate dsite of 0.68 nm
exhibits enhanced methane selectivity of 70% and a partial current density of
303.9mA cm−2, over 1.5 times higher than that of unmodified CuNC.

The electrochemical CO2 reduction reaction (CO2RR) powered by
renewable energy is a promising strategy to achieve efficient and
sustainable production of green fuels and chemical feedstocks1–4.
Among CO2RR electrocatalysts, copper (Cu)-based catalysts can effi-
ciently catalyse CO2RR for the production of hydrocarbons and
oxygenates5–9. Of these products (such as methanol, methane, ethy-
lene, ethanol, etc.), methane (CH4) stands out as a fuel with high
combustion efficiency and the highest energy density (~56 kJ/g), and is
widely used in the energy and chemical industries10. Green energy-
powered electrochemical CO2 methanation (ECM) eliminates the high
emissions associated with fossil CH4 extraction and offers a promising
opportunity to close the anthropogenic carbon cycle.

However, bulk Cu exhibits limited CO2RR selectivity toward CH4

under ambient conditions11,12. As the dimensions of Cu catalysts gra-
dually decrease to the atomic scale, their selectivity for CH4 increases
correspondingly, due to the high energy barrier for C–C dimerization
and favourable protonation of the key *CHO intermediate at Cu-single-
atom (Cu SA) sites13–17. Results from previous theoretical and experi-
mental studies show that the modification of the coordination and
electronic structures of Cu SA sites is critical for highly efficient and
selective CH4 production over Cu SA catalysts (Cu SACs, Supplemen-
tary Table 1)15–21. Inspired by the role of Cu–C bonds in altering organic
reaction pathways in organometallic coordination chemistry, Wang
et al. constructed Cu–C bonds to stabilize Cu SA sites on graphdiyne
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via a unique electronic regulation effect between graphdiyne and Cu.
This strategy accelerates charge transfer, changes the electronic
structure of Cu atoms, and promotes the formation of *OCHO inter-
mediates and the reaction pathway to CH4

18. The introduction of a
second non-metal element (O/B/N) into the first coordination shell of
CuSA changes the oxidation state andoptimizes the adsorptionof *CO
and *CHO intermediates for highly selective CH4 conversion19,20.
Despite significant advances in ECM, the correlation of the density and
proximity effect of active Cu sites in supported Cu SACs with their
activity and selectivity toward CH4 has rarely been investigated22–25.
Furthermore, a deep atomic-level understanding of the support effect
on this correlation is required.

Recently, a proof-of-concept study of Fe–N4 SACs for oxygen
reduction reaction (ORR) unveiled the connection between the origin
of enhanced ORR activity and the kinetic property of isolated active
sites as well as the proximity effect of neighbouringmetal atoms using
a descriptor of inter-site distance (dsite)

26. However, the support effect
on the dsite effect and the resulting reactivity should also be taken into
account. Here, we report a support geometry engineering strategy to
control the dsite effect, as well as the electronic and coordination
structure of CuN4 SAs anchored on a N-doped carbons (CuNC), where
N-doped carbons (NC) serves as the primary support. This is achieved
via conformal coating of polydopamine on the secondary support
(graphite flakes, also denoted as ss), which plays a crucial role in
shaping the geometry and curvature of CuNC. This process facilitates
the continuous and uniform anchoring of homogeneous CuN4 SAs
over a broad range of site density. Strong interactions between CuNC
and ss efficiently steer the binding strength (that is Cu–N bond length)
between individual Cu atoms and their primary supports, thereby
mitigating sintering and further tuning dsite in ss-engineered CuNC
(ssCuNC). Such interactions alsoenable charge transfer from theCuNC
to the ss, leading to an elevated oxidation state of the CuN4 SAs in the
ssCuNC. Theoreticalmodelling suggests that reducing thedsite ofCuN4

SAs to ~0.7 nm enhances their structural stress without changing the
ECM reaction pathway. This enhancement shortens the Cu–N bond
length and induces a positive shift in the 3dx²−y² orbitals of Cu, thus
improving the adsorption capacity and catalytic activity of individual
active Cu sites for CH4 generation. Computational results also indicate
that a low dsite value not only stabilizes *CO adsorption due to the
elevated dx²−y² orbital level but also favours protonation of *OCH3 to
form CH4. This is consistent with in situ spectroscopic results showing
that selective electrosynthesis of CH4 occurs at the expense of *CO,
which shows a strong adsorption signal on ssCuNC. As a result of this
strategy, ssCuNC with a moderate dsite of 0.68 nm and enhanced
intrinsic site reactivity exhibits increasedCO2-to-CH4 selectivity of 70%
and a partial current density of 303.9mA cm−2, which is at least 1.5
times higher than that of all other CuNC materials.

Results
Identification of the role of support geometry engineering in the
synthesis of Cu SACs with different dsite values
The synthesis principle related with support geometry engineering
was first studied. Polydopamine (PDA), derived from the self-
polymerization and oxidation of dopamine, was used as a metal car-
rier to chelate Cu2+ ions via its rich oxygen-containing functional
groups, producing uniformly dispersed discrete Cu-chelated PDA
nanoparticles (PNP–Cu) under alkaline conditions (Fig. 1a, b and Sup-
plementary Fig. S1)27,28. A series of PNP–Cu precursors were synthe-
sized with designated CuSO4 concentrations, such as 0.29mgml−1,
0.57mgml−1, 0.71mgml−1, and 1.14mgml−1 (Supplementary Fig. S1 and
Methods). To verify the role of support geometry in fabricating Cu
SACs with different dsite values, chemically inert planar graphite flakes
were introduced as a secondary support (ss) to engineer the geometry
of PDA (Supplementary Fig. S2). Strong covalent and noncovalent
interactions between PDA and the substrate enable the formation of a

PDA film conformally coated on ss29. Oxidation of dopamine by Cu2+

produces integrated, continuous Cu-chelated PDA nanoparticles and
films conformally coated on ss (ss–PNF–Cu; Supplementary Fig. S3).
For these amorphous PNP–Cu and ss–PNF–Cu precursors, no metallic
Cu or Cu-related carbides/nitrides were identified in powder X-ray
diffraction (XRD) pattens, suggesting that PDAwas complexedwith Cu
ions via its catecholate groups rather than reducing Cu2+ tometallic Cu
(Supplementary Fig. S4).

As the CuSO4 concentration increased from 0.29 to 1.14mgml−1,
the obtained PNP–Cu precursors exhibited comparable PNP size
(0.12–0.15μm), while the weight of PNP–Cu nanoparticles increased
significantly from0.042 to0.28 g (Supplementary Figs. S5a–d, Fig. S6a,
c and Supplementary Table 2). This finding implies that increasing the
Cu2+ concentration promotes the generation of more PNP–Cu nano-
particles with similar sizes, rather than substantially increasing the size
of individual PNP–Cu nanoparticles. In contrast, the average PNP size
of as-prepared ss–PNF–Cu precursors increased linearly from0.07 μm
to a peak of 0.15 μm, and the weight of ss–PNF–Cu precursors
increased significantly from 0.2 to 0.45 g (Supplementary
Figs. S5e–h and S6b, d). The difference in average PNP size between
PNP–Cu and ss–PNF–Cu precursors is ascribed to the competitive
growth of PNF in ss–PNF–Cu precursors. This is supported by the
observation that the coverage area of PNF–Cu coated on ss increased
with increasing CuSO4 concentration (Supplementary Fig. S3). These
geometric features of PNP–Cu and ss–PNF–Cu are depicted in Fig. 1a,
b. These results also indicate that redox-active Cu2+ contributes to the
self-polymerization and oxidation of dopamine but has only a slight
effect on the kinetics of dopamine polymerization under basic
conditions28,30,31. In contrast to the similar geometry of spherical
PNP–Cu precursors, the varied geometry combinations of spherical
PNP–Cu and planar Cu-chelated PDA films in ss–PNF–Cu precursors
provide a platform for modulating site density diversity, which is
enabled by the support engineering.

The as-prepared PNP–Cu precursors were further uniformly
ground with dicyandiamide powder (DCD, N source). The ground
mixture was then pyrolyzed to generate atomic Cu sites anchored to
N-doped carbon (CuNC; Fig. 1a, c; see Methods). Using ss–PNF–Cu
precursors and the samesynthesis procedure as for CuNCpreparation,
the ss-engineered CuNC (ssCuNC) catalysts were generated (Fig. 1b, d).
According to the CuSO4 concentration used, the resulting CuNC cat-
alysts were designated as CuNC40, CuNC80, CuNC100, and CuNC160
(Supplementary Fig. S7). Correspondingly, the resulting ssCuNC cat-
alysts were designated as ssCuNC40, ssCuNC80, ssCuNC100, and
ssCuNC160 (Supplementary Fig. S8). No metallic Cu species were
detected in any of the CuNC and ssCuNC catalysts (Supplemen-
tary Fig. S9).

Elemental analysis of the precursors was carried out using
inductively coupled plasma mass spectrometry (ICP-MS) and X-ray
photoelectron spectroscopy (XPS). Supplementary Fig. S10 shows that
the Cu content in PNP–Cu and ss–PNF–Cuprecursors increases almost
linearly with increasing Cu2+ concentration, demonstrating the robust
Cu-complexing capability of PDA over the entire range of Cu2+ con-
centration range used (Supplementary Table 2). This ensures that Cu2+

ions are homogeneously distributed throughout the PDA-based pre-
cursors within the specified concentration range. The correlation
between Cu content in PDA-based precursors and in the correspond-
ing Cu SACs was also studied. When the applied Cu2+ concentration is
less than 0.71mgml-1, a positive linear correlation exists between Cu
loading in both CuNC and ssCuNC catalysts and that in PNP–Cu and
ss–PNF–Cuprecursors.However, further increasingCu loading in PDA-
based precursors reduces Cu content in CuNC, due to the formation of
significant amounts of Cu nanoparticles in raw CuNC160 samples
(Supplementary Figs. S11, S12 and Supplementary Table 3). These
results demonstrate the crucial role of Cu2+ loading in themetal carrier
in steering Cu content in Cu SACs. Compared with the CuNC160
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catalyst, the reduced formation of Cu nanoparticles and increased Cu
loading in ssCuNC160 suggest that support engineering for CuNC
using flat ss enhances Cu single atomisation in CuNC.

The Cu loadings of ssCuNC catalysts are found to be lower than
those ofCuNCcatalysts because theweight of pure ss is included in the
sample weight during ICP-MS quantification. In fact, XPS analysis

reveals that the Cu and N contents (atomic percentage, at.%) on the
surfaces of ssCuNC100 and ssCuNC160 are higher than those on
CuNC100 and CuNC160 (Fig. 1e, f, Supplementary Figs. S13, S14 and
Supplementary Table 4). In contrast to the relatively constant Cu andN
contents in CuNC catalysts, the significant variation in Cu and N con-
tents in ssCuNC further confirms the enhanced tunability of Cu
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Fig. 1 | Support geometry engineering strategy and characterisation of the
morphology, chemical, and electronic structures of ssCuNC and CuNC. Sche-
matic of the synthesis of (a) CuNC and (b) ssCuNC via support engineering. DCD
dicyandiamide, PNP–Cu Cu-chelated polydopamine nanoparticles, ss–PNF–Cu Cu-
bound polydopamine nanoparticles and films coated on ss. HAADF-STEM images
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d ssCuNC100. eN 1s and f Cu 2pXPS core spectra of ssCuNC100 and CuNC100. k3-

weighted R-space Cu K-edge EXAFS spectra of (g) CuNC and (h) ssCuNC. i Cu
K-edge EXAFS fitting in R space of CuNC100 and ssCuNC100. Simulated (Fit, yel-
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content in ssCuNC catalysts (Supplementary Fig. S14). This finding is
partly because planar PNF, with lower curvature than spherical PNP,
promotes uniformsite distribution and close contactbetweenPNF and
DCD, resulting in a gradient increase in Cu site density with Cu ion
concentration. These observations are consistent with the concept
that support geometry engineering applied to the Cu carrier results in
Cu SACs with enhanced tunability in site density, as depicted in
Fig. 1a, b.

The single-atomnature of Cu sites in the as-prepared Cu SACswas
investigated. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) coupled with energy-dispersive
X-ray spectroscopy (EDS) mapping displayed uniform dispersion of C,
O, N, and Cu across all CuNC and ssCuNC SACs (Fig. 1c, d, Supple-
mentary Figs. S15–S18). The coordination environment and chemical
states of Cu sites were confirmedby electron energy loss spectroscopy
(EELS), X-ray spectroscopy, and fitting analysis. EELS data imply that
the Cu–O moiety contributes negligibly to the local coordination
environment in the representative CuNC100 and ssCuNC100 catalysts
(Supplementary Fig. S19). Extended X-ray absorption fine structure
(EXAFS) spectroscopy plots in R space for all ssCuNC and CuNC SACs
display a main peak at ~1.45 Å, attributed to the Cu–N shell (Fig. 1g, h
and Supplementary Table 5)32,33. EXAFS results also confirmed that no
Cu–Cu bonds were detected in any Cu SACs, consistent with results
from patterns, TEM images, selected area electron diffraction (SAED)
patterns, and scanning electron microscopy (SEM) images (Supple-
mentary Note 1).

To reveal the local structure of Cu SACs, comprehensive fitting
analyses were carried out on Fourier-transformed EXAFS spectra in
both radial (R) and wave vector (k) spaces. A single Cu–N scattering
path and mixed scattering paths (including Cu–N/O, Cu–N/Cu, and
Cu–N/O/Cu combinations) were used (Fig. 1i, Supplementary
Figs. S20–S23). Supplementary Table 5 summarizes fitting para-
meters for the Cu SACs of interest, where the coordination number
(CN) of N ranges from 3.8 to 4.3, with Cu–N bond length between
1.91 Å and 1.95 Å. The shortened or elongated Cu–N bond lengths
suggest geometric distortion in Cu SACs, further supported by the
geometric curvature observed in TEM images (see the following
section). The fitting data also suggest that the Cu sites adopt a planar
CuN4 structure. Note that the average Cu–N bond lengths in ssCuNC
are shorter than those in CuNC counterparts, indicating improved
binding strength between single Cu atoms and primary supports,
which stabilizes the isolated Cu sites in ssCuNC catalysts against
demetallization and sintering (Fig. 1j). These results suggest that Cu
sites feature single atomic distribution, and the isolated Cu site
(CuN4) are coordinated with an average of four N atoms in both
ssCuNC and CuNC SACs.

The chemical states of Cu in the Cu SACs were also studied using
XPS and X-ray absorption near edge structure (XANES) spectroscopy.
Compared with CuNC catalysts, ssCuNC counterparts exhibit higher N
1s and Cu 2p binding energies, along with the lower C 1s binding
energies. This finding demonstrates strong interactions between
CuNCand ss in ssCuNCcatalysts, leading to charge transfer fromCuNC
to ss and a higher oxidation state of Cu in ssCuNC compared to CuNC
(Fig. 1e, f, Supplementary Fig. S13)34,35. The larger blue shift of theCu 2p
peak compared to the N 1s peak is attributed to the greater electro-
negativity differencebetweenCu andN. The average oxidation state of
Cu in the Cu SACs was also quantified by XANES analyses via linear
combination fitting (Supplementary Fig. S24)36–38. Results show that
the Cu valence in both CuNC and ssCuNC catalysts decreases with
increasing Cu loading, due to electronic interactions between neigh-
bouring sites induced by the dsite effect. Thus, engineering the geo-
metry of PDA-based supports using ss not only governs Cu contents in
Cu SACs but also shortens the Cu–N bond length and improves the
oxidation state of Cu in Cu SACs.

Quantitative comparison of the dsite effect in ssCuNC and
CuNC SACs
The effect of support geometry engineering on the dsite effect in Cu
SAC was investigated. The average dsite value was calculated via sta-
tistical analysis of aberration-corrected (AC)-HAADF-STEM images for
all catalysts. Eachmeasured dsite value, as a statistical sample, refers to
the shortest distance between a selected atomand its neighbour atom.
AC-HAADF-STEM images of CuNC and ssCuNC catalysts show Cu
atoms as bright spots with an average size of ~0.2 nm on the carbon
substrate (Fig. 2a–h). The statistical average dsite values for the Cu
catalysts were 2.2 nm (ssCuNC40), 0.93 nm (ssCuNC80), 0.68 nm
(ssCuNC100), 0.36 nm (ssCuNC160), 0.89nm (CuNC40), 0.85 nm
(CuNC80), 0.81 nm (CuNC100), and 0.79 nm (CuNC160) (Fig. 2, Sup-
plementary Figs. S25, S26 and Supplementary Table 6). Examination of
STEM images showed a similar density of active Cu atoms in each
CuNC catalyst. However, site densities in ssCuNC catalysts exhibited a
progressive increase with Cu loading.

Structural distortions of Cu SACs were also studied via TEM
characterization. CuNC SACs with similar Cu loadings exhibit com-
parable high substrate curvatures (Fig. 2I–IV and Supplementary
Fig. S27a–d). In contrast, the substrate curvature of ssCuNC SACs
increases progressively with increasing Cu loading (Fig. 2V–VIII and
Fig. S27e–h). This finding indicates that Cu SACs with high site density
or lowdsite aremore prone to inducing structural distortions.Note that
the substrate of CuNC exhibits a distinctive discrete island-shaped
distribution, whereas that of ssCuNC exhibits a continuous ribbon-
shaped pattern (Supplementary Fig. S27). This difference in substrate
geometry between CuNC and ssCuNC is closely related to the geo-
metric differences in Cu-chelated PDA precursors used to synthesise
CuNC and ssCuNC. Specifically, the former uses discrete Cu-chelated
PDA nanoparticles (PNP–Cu), while the latter uses integrated Cu-
chelated PDA nanoparticles and films conformally coated on ss
(ss–PNF–Cu) (Fig. 1a, b, Supplementary Figs. S1, S3). During mixing of
Cu-chelated PDA precursors with DCD to prepare Cu SACs, the larger-
scale, continuous, planar ss–PNF–Cuwith significantly lower curvature
than spherical PNF–Cu, facilitates uniform Cu atoms distribution and
provides substantial Cu atoms for direct interaction with DCD. Due to
the high curvature of spherical PNF–Cu nanoparticles, a significant
portion of Cu atoms within PNF–Cu fail to interact with DCD. Fur-
thermore, compared to the uniform geometry of spherical PNP–Cu
precursors, the varied geometry combinations of spherical PNP–Cu
and planar Cu-chelated PDA films in ss–PNF–Cu precursors promote
diverse interactions between Cu atoms and DCD. This phenomenon
not only explains the heterogeneous site density in ssCuNC SACs and
relatively consistent Cu site density in CuNC SACs with increasing Cu2+

concentration but also rationalizes the Cu site-density/dsite-dependent
ECM performance shown in Fig. 3 (Fig. 2i and Supplementary Table 6).
These findings are again consistent with the concept of an optimized
dsite effect induced by support geometry engineering (Fig. 1a, b).

To correlate the dsite value with Cu site density on the catalyst
surface, Cu site densities (ns, Cu atoms per 100 nm2) were calculated
from STEM image statistics. The variation trend of ns values is ana-
logous to that of dsite values, with all CuNC catalysts exhibiting
minimal differences (55–79), whereas ssCuNC catalysts show a
broader ns distribution (15–339, Supplementary Table 6). For a dsite

value of ~0.7, the corresponding ns of ssCuNC100 (112.5) is over 1.4
times larger than that of all CuNC catalysts, indicating that the
activity of ssCuNC100 is supposed to be superior to that of all CuNC
catalysts (Fig. 2j). The higher ns values in ssCuNC compared to CuNC
are partly attributed to enhanced anti-sintering ability, which is
triggered by shorter Cu–N bond lengths (Supplementary Table 5).
Figure 2k shows that dsite values and Cu loading in ssCuNC catalysts
can be controlled over a significantly wider range than in CuNC
catalysts.
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The effect of the support on the charge conductivity of Cu SACs
was also examined via electrochemical impedance spectroscopy (EIS) to
compare the charge transfer resistances (RCT) of CuNC and ssCuNC
SACs (Supplementary Fig. S28). CuNC SACs exhibit a volcano-shaped

trend inRCT, withCuNC100 showing the lowest RCT, while RCT values for
ssCuNC SACs decrease with increasing Cu loading (Supplementary
Fig. S28c, d and Supplementary Table 3). RCT values of both CuNC and
ssCuNC SACs show a consistent negative correlation with Cu loading.
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This suggests a significant effect of Cu loading/site density of Cu SACs
on charge transfer. Compared with other Cu SACs, the significantly
higher Rct value of ssCuNC40 is mainly attributed to reduced CuNC
coverage on graphite flakes and lower Cu loading (Supplementary
Figs. S3, S8 and Supplementary Table 3). Excluding ssCuNC40, the

comparable RCT values between CuNC and ssCuNC SACs rule out a
dominant effect of sson thecharge transfer capability ofCuSACs.These
findings evidence the crucial role of support geometry engineering in
effectively controllingdsite, ns, Cu loading, local structural distortion and
charge conductivity in the as-prepared Cu-based catalysts.

Fig. 3 | Comparison of ECM performances between ssCuNC and CuNC SACs.
Total current density (j, a, d), FECH4 (b, e) and CH4 partial current density (jCH4, c, f)
for CuNC (a–c) and ssCuNC (d–f) SACs. Correlations of optimal FECH4 with Cu
loading (g), dsite (h) and ns (i). All current densities are normalized by geometric
area. Error bars in (a–i) represent one standard deviation from three independent
samples. These measurements were conducted in a flow cell with 1M KOH as the
supporting electrolyte. ECM stability measurements for CuNC100 (j) and

ssCuNC100 (k), performed at a constant current density of 300mAcm−2 in a flow
cell with 1M KHCO3 as the supporting electrolyte. The measured resistance (R,
where OCP: open circuit potential) used for the CuNC40-160, and ssCuNC40-160
electrodes in (a–f) was 2.3 ± 0.13, 2.6 ± 0.19, 2.4 ± 0.15, 2.1 ± 0.22, 2.0 ±0.17,
2.4 ± 0.14, 2.2 ± 0.27, and 2.3 ± 0.14 Ω, respectively. The R was used for (j) and (k)
was 5.3 ± 0.23, and 3.6 ± 0.26Ω, respectively. Source data are provided as a Source
data file.
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ECM performance
ECM performance evaluation on Cu SACs with different dsite effects
was conducted in a flow cell with a gas diffusion electrode (GDE) using
1M KOH as the supporting electrolyte (used throughout this study)4.
Catalysts were drop-cast on a GDE with a loading of ~0.2mg cm-2. ECM
activities of ss, pure NC, ss-supported NC (ssNC), and ssNC modified
with Cu nanoparticles (CuNPs/ssNC) were also investigated as control
experiments (Supplementary Figs. S29 and S30). The sole product H2

generated on ss, NC, and ssNC under high reductive current densities
rules out ECM activity contributions from both ss and NC substrates
(Supplementary Fig. S29 and Methods). CuNPs/ssNC exhibits an opti-
mal Faradaic efficiency (FE) towards CH4 (FECH4) of 36% at −1.4 V
(Supplementary Fig. S30). This finding implies that dense Cu sites with
the lowestdsite or highest ns have limited selectivity towardCH4, due to
the competing carbon-carbon coupling reaction pathway on metallic
Cu catalyst11,12. We then evaluated the ECM performance of CuNC
catalysts. The total current density (j), CH4 selectivity, and partial
current density of CH4 (jCH4) for each CuNC catalyst exhibited minor
changes as the applied potentials (all referenced to the reversible
hydrogen electrode (RHE)) became increasingly negative (Fig. 3a–c).
Specifically, the optimal FECH4 values for CuNC40, CuNC80, CuNC100
and CuNC160 were 57% at −0.81 V, 58% at −0.75 V, 58% at −0.83V and
56% at−0.76 V, respectively (Fig. 3b and Supplementary Fig. S31a–c, g).
The peak jCH4 values for CuNC40, CuNC80, CuNC100 and CuNC160
was 196.8mA cm−2 at −1.1 V, 208.0mA cm−2 at −1.0 V, 214.4mA cm−2 at
−0.97 V, and 204.8mA cm−2 at −0.92 V, respectively (Fig. 3c).

In contrast, ssCuNC catalysts showed significant variations in ECM
kinetics, with ssCuNC100 exhibiting the highest j and jCH4 across all
applied potentials (Fig. 3a, c, d, f). A similar trend is observed in the
variation of FECH4 for ssCuNC catalysts (Fig. 3e and Supplementary
Fig. S31d–f, h). The optimal FECH4 of ssCuNC100 (70% at −0.96V) is at
least 10% higher than that of all CuNC and other ssCuNC catalysts (30%
for ssCuNC40 at −0.97V, 59% for ssCuNC80 at −0.93V, and 51% for
ssCuNC160 at −0.98V). At ~−1.0 V, jCH4 of ssCuNC100 (303.9mAcm−2) is
7.0-, 2.0-, 1.6-, and ~1.5-fold higher than that of ssCuNC40
(43.3mAcm−2), ssCuNC80 (152.9mAcm−2), ssCuNC160 (186.7mAcm−2),
and CuNC catalysts, respectively (Supplementary Fig. S32). The effect of
electrochemical surface area (ECSA) on ECM performance was also
evaluated via cyclic voltammetry measurements for Cu SACs in an Ar-
saturated 1M KOH electrolyte using a flow cell setup (Supplementary
Fig. S35 and Supplementary Table 7). The optimal jCH4 after ECSA nor-
malization (jCH4_ECSA)was further examined. The optimal jCH4_ECSA values
for CuNC40, CuNC80, CuNC100, CuNC160, ssCuNC40, ssCuNC80,
ssCuNC100, and ssCuNC160 were 0.67, 0.65, 0.72, 0.67, 0.44, 0.71, 1.3,
and 0.57mAcm−2, respectively. These jCH4_ECSA values show a similar
trend to those determined by geometric area, as shown in Fig. 3. This
finding rules out a predominant effect of ECSA on ECM performance.
Thus, these differences in ECM performance between CuNC and
ssCuNC indicate that support geometry engineering effectively enhan-
ces the selectivity and activity of CuNC over a wider range.

To reveal the origin of performance differences between CuNC
and ssCuNC, the correlation between ECM selectivity/activity and the
dsite effect of Cu catalysts was investigated. The correlation of FECH4
with Cu loading shows that optimal FECH4 depends on Cu loading
across all Cu specimens, particularly for ssCuNC (Fig. 3g). However, all
CuNC catalysts with higher Cu loadings exhibit lower CH4 selectivity
than ssCuNC80 and ssCuNC100, suggesting that Cu loading is not
crucial for determining CH4 selectivity in Cu SACs. Figure 3h and
Fig. 3i, respectively, display a volcano-shaped trend relating optimal
FECH4 to dsite and optimal FECH4 to ns, with the highest CH4 selectivity
observed at a dsite of 0.68 nm and anns of 112.5 Cu atoms per 100 nm−2.
Note that CuNC catalysts with similar optimal FECH4 values have a
similar dsite of 0.8–0.9 nm or an ns of 60 ~ 80 Cu atoms per 100nm2.
Furthermore, the optimal FECH4 of ssCuNC100 is much higher than
that of CuNC160 despite their similar dsite, due to the higher ns of

ssCuNC100 relative to CuNC160 (Fig. 3i and SupplementaryTable 6). A
correlation analysis of jCH4 (at ~−0.1 V) with Cu loading, dsite and ns
yielded similar conclusions to those discussed above (Supplementary
Fig. S32). These results, coupled with the linear relationship between
FECH4/jCH4 and ns, suggest thatCu site density is a crucial descriptor for
ECM selectivity and activity on Cu SCAs. The relationship between the
dsite effect and ECM activity described above was also verified using
ssCuNC100 (denoted as ssCuNC100-scale-up) prepared via a scale-up
synthesis procedure (see Methods). The synthesized ssCuNC100-
scale-up SAC shows a similar Cu-site coordination environment and
dsite effect, achieving an optimal FECH4 of 68% at −0.96 V (Supple-
mentary Figs. S33, S34 and Supplementary Table 5). The comparable
structure-activity relationship observed for both ssCuNC100 and
ssCuNC100-scale-up further confirms the scalability of our synthesis
strategy.

The effect of electrolyte pH on ECM for CuNC100 and ssCuNC100
SACs was investigated. CO2RR electrolysis using CuNC100 and
ssCuNC100 SACs was conducted in a liquid-flow electrolyser with 1M
KHCO3 electrolyte. Results showed that the optimal FE for CH4 pro-
duction was 49.8% for CuNC100 and 59.2% for ssCuNC100 at
300mAcm−2, respectively (Supplementary Fig. S31i, j). These values
are ~10% lower than those obtained in 1M KOH, which is attributed to
suppressed hydrogen evolution reaction (HER) in alkaline environ-
ments, as is evidenced by the lower FE of H2 formation detected in 1M
KOH electrolyte (Supplementary Fig. S31g, h). ECM stability measure-
ments using CuNC100 and ssCuNC100 were conducted at a current
density of 300mA cm−2 in a flow cell with 1MKHCO3 as the supporting
electrolyte. ssCuNC100 displays stable CH4 production, with FE
remaining above 50% over 20 h. In contrast, the FE for CH4 formation
on CuNC100 rapidly decreased from ~42% at 6 h to 25% at 18 h (Fig. 3j,
k). The stability difference between CuNC100 and ssCuNC100 was
further studied via spectroscopy analysis.

Spectroscopic investigations
To investigate the relationshipbetween ECMperformance and the dsite

effect for ssCuNC and CuNC, we examined the selectivity of combined
C2 products (ethylene, acetate and ethanol) and carbon monoxide
(CO) as a function of applied potential (Fig. 4a, b). CO is a crucial
intermediate for hydrocarbon production. Figure 4a shows that the
FECO of ssCuNC100 is lower than that of CuNC100 across all applied
potentials. This FECO trend was also observed for other CuNC and
ssCuNC catalysts (Supplementary Fig. S36a–c). In contrast, FEC2 is
higher for CuNC100 than for ssCuNC100 under the same conditions.
Note that FEC2 (<15%) on ssCuNC160 at high j exceeds that on
CuNC160, which is ascribed to improved carbon-carbon coupling
activity on highly dense Cu sites (Supplementary Fig. S36f). Product
distribution analysis suggests that ssCuNC enables a higher degree of
CO2 hydrogenation to CH4 at the expense of more CO than CuNC.

We further investigated the origin of improved CO2-to-CH4

selectivity on ssCuNC at the molecular level using in situ attenuated
total reflection Fourier-transform infrared spectroscopy (ATR-FTIR),
with ssCuNC100 and CuNC100 as model catalysts. Four regions of
interest, identified at 2120–2070 cm−1, 1750–1640 cm−1, 1640–1475 cm−1

and 1470–1398 cm−1, are associated with linearly adsorbed *CO
(ν(*COL)), stretching vibrations of H2O (δ(H2O)), strongly adsorbed
*CO2 (ν(*CO2)), and *OCH3 adsorbed at the ssCuNC100 and CuNC100
interfaces, respectively (Fig. 4c, d)39–42. The band associatedwith *OCH3

adsorbed at atomic CuN4 site is also confirmed via computational
simulation (Supplementary Fig. S37). The δ(H2O) and ν(*CO2) bands
show potential-dependent positive and negative peaks. Both peak
intensities increase with applied potential, with those in ssCuNC100
being significantly stronger than those in CuNC100. These results
suggest rapid consumption of adsorbed *CO2 and a higher mass
transfer rate on ssCuNC100 than on CuNC100, accounting for the
enhanced ECM activity of ssCuNC100 relative to CuNC100.
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The peak positions of ν(*COL) in both ssCuNC100 and
CuNC100 shifted to lower wavenumbers as the applied potential
became more negative, showing a Stark effect (Fig. 4e)43. Over the
entire potential range of −0.3 to −1.5 V, ssCuNC100 displayed a lower
wavenumber than CuNC100 and a higher Stark tuning rate (23.3 cm-1 V-

1) in comparison to CuNC100 (22.3 cm−1 V−1), indicating a stronger
interaction between *COL and ssCuNC10041. This interprets the sup-
pressed CO liberation on ssCuNC100. Under identical CO2 electrolysis
conditions, the intensity of *COL on CuNC100 exceeds that on
ssCuNC100, suggesting higher *CO coverage on CuNC100 and thus
accounting for the increased C2 production observed on CuNC100
(Fig. 4b, f). The reduced *CO coverage and improved peak intensity of

the *OCH3bandon ssCuNC100also indicate favourablehydrogenation
of *CO to form *OCH3 at the expense of *CO on ssCuNC100 (Fig. 4c, d,
f). This hydrogenation process is identified as the dominant selectivity-
determining step in CH4 production

3,40.
To elucidate the effect of structural alterations of active sites on

ECM performance, we carried out in situ and ex situ XAS measure-
ments and analyses for ssCuNC100 andCuNC100SACs under different
current densities (Supplementary Figs. S38–S43, Supplementary
Table 8; See Methods). Both in situ and ex situ R-space Cu K-edge
EXAFS spectra show a positive shift of themain peak, which—based on
fitting results—is attributed to an increase in Cu–N bond lengths for
both CuNC100 and ssCuNC100 during CO2RR (Fig. 4g, h). Specifically,

Fig. 4 | Relationship between ECM selectivity and adsorbed intermediates on
ssCuNC100 and CuNC100 SACs. FE for CO (a) and C2 products (ethylene, acetate
and ethanol) (b) at different applied potentials. Error bars represent one standard
deviation from three independent samples. The R used for CuNC100 and
ssCuNC100 in (a, b) was 2.4 ± 0.15 and 2.2 ± 0.27 Ω, respectively. In situ ATR-FTIR
spectra of CuNC100 (c) and ssCuNC100 (d) SACs under different applied

potentials. e Stark effect of linearly adsorbed CO (*COL) vibration as a function of
potential. f *COL intensity as a function of potential. *COL wavenumbers and
intensities in (e) and (f) were derived from spectra (c) and (d). *: Denotes active
reaction sites. In situ and ex situ Cu K-edge EXAFS spectra of CuNC100 (g) and
ssCuNC100 (h) under different applied current densities. Source data are provided
as a Source data file.
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during 5 h of CO2RR, the Cu–N bond length of CuNC100 increased
significantly from 1.93 Å to 1.96 Å, 0.03 Å longer than the Cu–N bond
length of ssCuNC100 (1.93 Å). This finding implies more pronounced
geometric structure distortion of CuN4 sites in CuNC100 compared to
those in ssCuNC100 during CO2RR. After 20 h of CO2RR, the Cu–N
bond length of CuNC100 recovered to 1.94 Å, still 0.01 Å longer than
that of ssCuNC100 (1.93 Å). Note that a new peak assigned to Cu–Cu
bond emerged in CuNC100. These results indicate that active sites in
ssCuNC100 remained as single-site CuN4 structures, whereas those in
CuNC100 transformed from single-site CuN4 structures to a combi-
nation of CuN4 andmetallic Cu after 20 h of CO2RR. This phenomenon
rationalizes the observed differences in ECM performance between
CuNC100and ssCuNC100, asdepicted in Fig. 3. Thus, in situ andex situ
XAS results offer direct experimental evidence that CuN4 is the active
site in Cu SACs for ECM and that the Cu–N bond in ssCuNC100 ismore
stable against structure distortion than that in CuNC100 during ECM.
This also accounts for the lower defect density in the ssCuNC100 fra-
mework relative to that in CuNC100 (Supplementary Fig. S44).

Theoretical study using density functional theory calculations
We further performed density functional theory (DFT) calculations to
understand the origin of catalytic CO2-to-CH4 activity on Cu SACs with
different dsite values. Decreasing dsite from 1.68 nm (1Cu) to 0.66 nm
(8Cu) shortens the average Cu−N coordination bond length from
1.94 Å to 1.91 Å, consistent with XAS fitting results for Cu SACs (Fig. 5a,
b, Supplementary Table 5 and Supplementary Data 1). Concurrently,
the interlayer height difference (Δh) increased from 0.72 to 1.48 Å
(Fig. 5c), suggesting potential graphene twisting under dense CuN4

motifs, which aligns with TEM observations (Fig. 2I-VIII, Fig. 5a and
Supplementary Fig. S27). Electronic restructuring was evidenced by
the splitting and upward shift of Cu 3dx²−y² orbitals toward the Fermi
level, elevating the d-band centre (Fig. 5d). This, in turn, changes their
electron distribution, thereby influencing catalytic activity44.

Supplementary Fig. S45 shows that the highest occupiedorbital of
planar four-coordinated Cu ions is 3 dx²−y², and the 2p orbitals of
adsorbates hybridize to formbonding and antibonding orbitals. When
the energy level of Cu 3dx²−y² orbitals shifts to the Fermi level, the
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antibonding orbitals also increase in energy45,46. Accordingly, the
number of electrons in the antibonding orbitals decreases, strength-
ening the bonding and enhancing the adsorption capacity of adsor-
bents at Cu sites45. This enhancement agreeswith experimental results,
where promoted CH4 production is achieved at the expense of CO,
accompanied by a stronger *CO adsorption signal on ss-engineered Cu
SACs (Fig. 4c, d). Moreover, the increase in density of states (DOS)
values at the Fermi level with increasingCu loading indicates enhanced
electron transfer kinetics between catalytic intermediates and high-
density catalytic centres (Supplementary Fig. S46)47. This dsite effect
establishes a distinct electron distribution at the Fermi energy level by
modulating Cu 3d orbital splitting, thereby enhancing intrinsic ECM
activity48.

The DFT-based climbing-image nudged elastic band (CI-NEB)
methodwas used to calculate kinetic barriers for Cu atom detachment
from a CuN4 SA site, subsequent defect formation, and cluster aggre-
gation (Supplementary Fig. S47 and Supplementary Data 1). Calcula-
tions reveal that removing a Cu atom from ss-free CuNC requires an
energy barrier of 3.68 eV, whereas ss-supported CuNC necessitates a
higher energy of 4.02 eV. Furthermore, the defect formation energy of
CuNC (2.47 eV) is lower than that of ssCuNC (2.87 eV). These results
demonstrate enhanced structural stability of CuN4 single-atom sites
with ss incorporation. The suppressionofCu atomdetachment is likely
attributed to the stronger Cu–N bond (with shorter bond lengths in
ssCuNC100, as confirmed by XAS) and optimized support geometry
induced by ss. These findings align with experimental observations of
reduced defect density, increased active site density, and enhanced
electrochemical stability for the ssCuNC100 SAC.

To further clarify the effect of high-density CuN4 sites on boosting
CH4 selectivity, we performed DFT calculations coupled with a com-
putational hydrogen electrode (CHE) model. We elucidated the free
energy diagram of the lowest-energy pathway for CO2-to-CH4 con-
version at the active CuN4 site, along with atomic configurations of
each elementary step (Fig. 5e, Supplementary Fig. S48 and Supple-
mentary Data 1). The potential-determining step (PDS) for CO2-to-CH4

conversion at the CuN4 site involves protonationof *OCH3 to *O +CH4,
requiring cleavage of the C–O bond in *OCH3. The associated free
energy change (ΔE) is 1.03 eV for the 1Cu catalyst, decreasing to 0.99,
0.94 and 0.88 eV for the 2Cu, 4Cu and 8Cu catalysts, respectively
(Fig. 5e). In the explicit solvent model, where solvent molecules are
included in calculations, the change in the energy barrier is more sig-
nificant. Furthermore, the trend of the energy barrier change is con-
sistent with results from the CHEmodel (Supplementary Figs. S49, S50
and Supplementary Data 1). These results indicate that the thermo-
dynamic favourability of CH4 production at the CuN4 site enhances
with increasing site density. Adsorption of the *CO intermediate pro-
motes the formation of deep reduction products, including CH4.
Interestingly, high-density CuN4 sites with a lower dsite value can sta-
bilize *CO adsorption due to their relatively elevated dx2-y2 orbital level
(Supplementary Fig. S45 and Fig. 5e, inset). For the competitive HER,
the calculated free energies forHERon 1Cu, 2Cu, 4Cu, and8Cu are 1.16,
1.40, 1.45, and 1.61 eV. In contrast, the Cu(100) counterpart (dsite of
0.26 nm) exhibits a significantly lower free energy of only 0.24 eV
(Supplementary Fig. S51a). We further found that Cu(100) enables CO2

adsorption and exhibits a comparably low free energy barrier (0.4 eV)
for the C–C coupling PDS, indicating that Cu(100) offers extra active
sites for the CO2-to-C2H4 process (Supplementary Fig. S51b). These
results suggest that protonation/deprotonation on different Cu SACs
is considerable challenging, while agglomerated Cu sites exhibit
superior HER and competitive C–C coupling activities, in line with
CO2RR performance observed for CuNPs/ssNC, CuNC and ssCuNC
(such as ssCuNC160) SACs (Supplementary Figs. S30, S31, S36).

We also examined the charge density difference and adsorption
free energies of reaction intermediates for ssCuNCSACs to explore the
effect of ss on CuNC SACs. Examination of the charge density

difference in ssCuNC reveals significant charge transfer from CuNC to
ss (Fig. 5f, Supplementary Fig. S52 and Supplementary Data 1). This
accounts for the positively charged Cu atoms found in both XPS and
XAS results for ssCuNC SACs (Fig. S13 and Fig. S24). Compared to
CuNC, ssCuNC exhibits a lower free energy barrier for the PDS of CO2-
to-CH4 conversion, confirming that ss also helps improve CH4 selec-
tivity over CuN4 sites (Fig. 5g). Thesefindings show the versatile role of
support engineering in tuning the dsite effect, coordination environ-
ment, chemical structure, and intrinsic reactivity of interacting sites
in SACs.

Discussion
In summary, we report a support geometry engineering strategy to
optimize the dsite effect and intrinsic electrocatalytic performance of
active sites in SACs by tuning the binding strength between single
metal atoms and a catalytically inert secondary support. Flat graphite
was used as a secondary support and model to verify our method.
Engineering PDA with ss leads to the formation of differentiated geo-
metric combinations of spherical (particulate) and flat (film) PDA-
based metal precursors, which are used to synthesise ss-engineered
CuNC SACs. Strong interactions between CuNC and ss enable regula-
tion of theCu−Nbond length. This strategy enables effective control of
Cu loading, dsite, and ns in Cu SACs over a wide range. Reducing dsite to
~0.7 nm optimizes both the coordination environment and electronic
structure of Cu sites, significantly enhancing their intrinsic ECM reac-
tivity in Cu SACs.

We found that the dsite effect, particularly ns, of Cu SACs plays a
critical role in determining ECM selectivity and activity. Specifically, at
~−1.0 V, the ssCuNC SAC with a moderate dsite of 0.68 nm and an ns of
112.5 Cu atoms 100per nm2 shows increasedCH4 selectivity of 70% and
a jCH4 of 303.9mA cm−2, at least 1.5 times higher than that of all CuNC
catalysts without ss. In-situ spectroscopic and computational studies
confirmed that ssCuNC SACs with modified electron distribution and
Cu−N bond length, show optimized dsite and ns values. These mod-
ifications improve adsorption capacity, stabilize *CO adsorption, and
favours cleavage of the C–O bond in *OCH3, thereby promoting ECM
selectivity and activity. This approach sheds light on the relationship
between the support effect, the proximity effect of interacting metal
sites, and theCO2RRcatalyticmechanism. It also provides guidance for
developing highly efficient materials with tunable site densities and
reactivities.

Methods
Chemicals and materials
Sigracet 28BC gas diffusion layer (28BC GDL, SGL Carbon, Germany);
anion-exchange membranes (Fumasep FAA-3-PK-130 (thickness: 130
μm, FuMA-Tech BWT GmbH) was activated in a 0.5M aqueous NaCl
solution for 24 h, washed with water, and used in liquid-electrolyte
flow cells. Sustainion X37-50 grade 60 (thickness: ~50μm, Dioxide
Materials) was activated in a 1M aqueous KOH solution for 48 h,
washed with water, and used in membrane electrode assembly elec-
trolysers); dimethyl sulfoxide (DMSO, ≥99.9%, Thermo Scientific,
USA); deuteroxide (D2O, 99.9%, Sigma-Aldrich, USA); aqueous
ammonia solution (30wt%, Macklin, China); dopamine hydrochloride
(Sigma-Aldrich, Germany); anhydrous cupric sulfate (CuSO4, Sigma-
Aldrich, USA); Nafion solution (5 wt%, Sigma-Aldrich, Germany);
2-propanol (≥99.5%); absolute ethanol (≥99.0%). High purity (99.99%)
CO2, H2, He, and Ar (Air Liquide, China); nickel plate (0.1mm thick,
Dongguan Shengze Metal Material Co., LTD., China). All chemicals
were used as received. All aqueous solutions were prepared fresh as
needed using deionized (DI, Milli-Q) water with a resistivity of 18MΩ
cm-1, and all prepared solutions were stored in a refrigerator at ~5 °C.

Synthesis of ss–PNF–Cu precursors (Cu-chelated polydopamine
films and nanoparticles coated on ss): 0.2 g of graphite flake powder
was added to a conical flask containing 90mL of ultrapure water and
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5mL of ethanol (99.7%, Shanghai Lingfeng Chemical Reagent Co., Ltd.,
China) as solvents, followed by ultrasonication for 30min. Next, 2mL
of ammonia solution (30wt%) and 35mL of ethanol (99.9%) were
injected into the flask with stirring at 500 rpm. Subsequently, 10mL of
an aqueous solution containing dopamine hydrochloride (DAH) and
CuSO4 was added dropwise. The flask was sealed, and themixture was
stirred at 1500 rpm under ambient conditions for 24 h. The resulting
black precipitate was collected by centrifugation at 12,000 rpm for
30min, then dried overnight in a vacuum oven at 60 °C. The weight
ratio of DAH to CuSO4 is described in the “Synthesis of ssCuNCX
(X = 40, 80, 100, 160) and CuNCX”.

Scale-up synthesis of ss–PNF–Cu precursor (Supplementary
Fig. S33a): 8.0 g of graphite flake powderwas added to a reagent bottle
containing 1.7 L of ultrapure water and 0.70 L of ethanol (99.7%) as
solvents, followed by ultrasonication for 30min. Next, 40mL of
ammonia solution (30wt%) and 0.5 L of ethanol (99.9%) were injected
into the bottle with stirring at 700 rpm. Then, 0.25 L of an aqueous
solution containing DAH (10.0 g) and CuSO4 (4.0 g) was added drop-
wise. The bottle was sealed, and the mixture was stirred at 700 rpm
under ambient conditions for 24 h. The resulting black precipitate was
collected by vacuum filtration and dried overnight in a vacuumoven at
60 °C. The remaining synthesis steps follow those described in
“Synthesis of ssCuNCX (X= 40, 80, 100, 160) and CuNCX”.

Synthesis of PNP–Cu precursors (Cu-chelated polydopamine
nanoparticles): Precursors synthesis followed the same procedure as
“Synthesis of ss–PNF–Cu precursors”, except that no ss powder
was added.

Synthesis of ssCuNCX (X= 40, 80, 100, 160) andCuNCX: ssCuNCX
was prepared by uniformly mixing and grinding dry ss–PNF–Cu pow-
der with dicyandiamide (DCD) at a weight ratio of 1:11. The ground
powderwasplaced in a ceramic boat and transferred to a temperature-
programmed furnace for pyrolysis under an inert gas stream. The
pyrolysis program was as follows: (1) purge the furnace with high
purity Ar gas at 50 SCCM for 40min; (2) heat from room temperature
to 800 °C at a ramp rate of 5 °Cmin−1; (3) hold at 800 °C for 90min; (4)
cool naturally to room temperature. The resulting catalystwas ground,
collected, and stored in an Ar-purged glove box at room temperature.
ssCuNC160, ssCuNC100, ssCuNC80, and ssCuNC40 were prepared
with DAH-to-CuSO4 weight ratios of 0.25 g:0.16 g, 0.25 g:0.10 g,
0.25 g:0.08 g, and 0.25 g:0.04 g, respectively. The same procedurewas
used to synthesise the ssCuNC100-scale-up SAC, except that the con-
trolled atmosphere box furnace (LC-SA3-20-12TP, LICHEN, China) was
purged with high-purity Ar gas at 300 SCCM.

CuNCX catalysts (X = 40, 80, 100, 160) were synthesized using the
same procedure, except that dry G–PNF–Cu powder was used instead
of dry PNP–Cu powder.

Synthesis of ssNC (ss-supported N-doped carbons): ssNC was
synthesised using the same procedures as “Synthesis of ss–PNF–Cu
precursors” and “Synthesis of ssCuNCX”, except that no CuSO4

was added.
Synthesis ofNC:NCwas synthesisedusing the sameprocedures as

“Synthesis of ssNC”, except that no ss powder was added.
Synthesis of CuNPs/ssNC (ssNC modified with Cu nanoparticles):

CuNPs/ssNC were synthesised using the same procedures as “Synth-
esis of ss–PNF–Cu precursors” and “Synthesis of ssCuNCX”, except
that no DCD was added.

Characterisation
Scanning electron microscopy (Thermofisher Apero 2 S HiVac),
transmission electron microscopy (FEI-Talos F200S), and probe-
corrected scanning transmission electron microscopy (Thermo-
Fisher Themis Z, operating voltage: 300 kV) were used to char-
acterize the morphology of the samples. Prior to collecting SEM
images of PNP–Cu and G–PNF–Cu precursors, the samples were
coated with a thin layer of platinum particles using a Quorum

EMS150TES Plus precision coating system. X-ray diffraction (XRD)
patterns were recorded using a Bruker D8 ADVANCE X-ray powder
diffractometer (Cu Kα radiation, λ = 0.15406 nm). Surface analysis of
catalysts was performed using X-ray photoelectron spectroscopy
(XPS) with a Thermo Scientific Escalab xi+ system equipped with a
focused monochromatic Al Kα X-ray source (hν = 1486.6 eV, 650μm
spot size). Survey scans (wide) and high-resolution scans (narrow)
were recorded at analyser pass energies of 150 and 20 eV, with step
sizes of 1.0 eV and 0.1 eV, respectively. All XPS data were calibrated
against the C 1s peak at 284.8 eV unless otherwise specified. All X-ray
absorption spectroscopy (XAS) measurements were conducted at
the XAS Beamline of the Australian Synchrotron, ANSTO. A Si(111)
double-crystal monochromator was used to monochromatize the
white beam, and the energy resolution of the setup is approximately
0.2 eV at the Cu K-edge. A 36-element Canberra silicon drift detector
(SDD) was used to collect the fluorescence signal. The beam was
collimated to a vertical size of ~0.3mm at the sample position. XAS
spectra were collected at room temperature. For the pre-edge
region, a 2 eV energy step with 1 s integration time per point was
used. The X-ray absorption near-edge structure (XANES) region was
scanned using a 0.2 eV step with the same dwell time. Extended X-ray
absorption fine structure (EXAFS) data were collected up to k = 13 Å⁻1

with a variable energy step corresponding to Δk ≈0.05 Å⁻1. The
integration time per point increased from2 to 5 seconds as a function
of k to improve data quality at high k values. For in-situ measure-
ments, XAS spectra were recorded in slow-scan (continuous energy)
mode, with a typical acquisition time of 5min per scan. The in-situ
electrochemical cell was fabricated from Polyetherketoneketone
(PEKK). It employed nickel foam as the anode, a Hg/HgO reference
electrode, and carbon paper as the cathode, with ~5.6mg cm⁻2 of
catalyst loaded onto the carbon paper (active area: 1 cm2). The X-ray
window was sealed with Kapton tape, and the total thickness of the
cathode layer was 370-450 μm. EXAFS data processing was per-
formed using the ATHENA module from the IFEFFIT software suite.
The k3-weighted χ(k) spectra were transformed from k-space
(3–10.5 Å⁻1) to R-space using a Hanning window with dk = 1.0 Å⁻1. To
extract quantitative structural information around Cu atoms, curve
fitting of the R-space data was performed using the ARTEMISmodule
of IFEFFIT. Fitting parameters and additional details are provided in
Supplementary Tables 5 and 8. For in-situmeasurements using a flow
cell, the setup (Supplementary Fig. S38c) was mounted on the
beamline X-Y stage at a 45° angle to the incoming beam to maximize
the fluorescence signal. All in-situ measurements were collected in
fluorescence mode. Prior to measurement, the gas compartment (2-
mm thick, 0.2 cm3, cathodic chamber) was filled with He/N2. Both the
anolyte and catholyte were 1M KOH. During CO2RR, a 20 SCCM CO2

gas flow was passed through the gas compartment. References data
for oxide powders or metal foil were collected in transmission mode
using ionization chambers, with the sampling chamber filled with N2/
He. For ex-situ samples, N2/He was used to fill the cathodic chamber
during XAS signal collection. 1H NMR experiments were performed
with a Bruker 400MHz NMR spectrometer using a 5mm broadband
auto-tuneable probe with Z–gradients. Quantitative analysis of Cu
loading in relevant samples was conducted via inductively coupled
plasma mass spectrometry (ICP-MS, PerkinElmer, OPTIMA 7000DV).
X-band EPR measurements (microwave frequency: 9.45597GHz;
power: 10mW)were performed using an EPRMS-5000 spectrometer
(Bruker, Germany). Samples were loosely packed into low-
background 4mm quartz paramagnetic tubes. Spectra were recor-
ded with a modulation amplitude of 0.2 Gauss and a modulation
frequency of 100 kHz. Ramanmeasurements were conducted using a
LABRAMHR EVORamanmicroscope (equipped with a 50× objective,
Leica, Germany) and a 532 nm laser. Acquisition parameters included
an integration time of 6 s, 2 accumulations, a 600 nm grating, 10%
laser power, and averaging over 3 scans per region.
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CO2 electrolysis measurement and product analysis
Electrochemical CO2 reduction reaction (CO2RR) experiments were
performed in a thin liquid-electrolyte flow cell with a three-electrode
configuration, controlled by a potentiostat (CHI1140C, data were
exported as.txt files). The electrocatalyst (~4.0mg) was mixed with
1mL of 2-propanol and 10μL of 5wt% Nafion solution, followed by
ultrasonication for 10min to form an ink. The resulting ink (100μL)
was drop-cast onto a 28BC GDL (effective geometric area: 1 cm2) and
dried under an infrared lamp. The catalyst-coated 28BC GDL was used
as the cathode, contacted with copper foil tape for conductivity. A Hg/
HgO (1M KOH) and a nickel plate (0.1-mm thick) served as the refer-
ence and counter electrodes, respectively. 1M KOH electrolyte was
pumped into the catholyte (~0.2 cm3) and anolyte (~1 cm3) compart-
ments, separated by an anion exchange membrane (Fumasep FAB-PK-
130). The electrolyte flow rates for the cathodic and anodic sides were
5–10 and 35–70mLmin−1, respectively. The cathodic gas chamber
(~0.15 cm3) was continuously fed with 15–20 SCCM of CO2 gas, con-
trolled by a mass flow controller (CS200, Sevenstar). All applied
potentials (unless stated otherwise) were calibrated to the reversible
hydrogen electrode (RHE) with iRu drop compensation using the
equation: ERHE = EHg/HgO + 0.14 + 0.0591 pH + ηIRu. Ru was measured via
electrochemical impedance spectroscopy (EIS) at open circuit poten-
tial (OCP). EIS parameters were set with an AC potential of 10mV and
frequency sweeps from 105 to 0.1 Hz. EIS data for Cu SACs were
recorded in the same flow cell with a three-electrode configuration,
using 1M KOH as the supporting electrolyte. Impedance spectra were
simulated using Zview.

For the calibration of the Hg/HgO electrode (1M KOH), all elec-
trochemical measurements were performed in a Teflon jar containing
a redox solution to avoid any change in electrochemical activity
caused by trace silicate contamination under ambient conditions. The
redox solution was prepared by adding equimolar amounts of
K4[Fe(CN)6] and K3[Fe(CN)6] to 1M KOH (with a final concentration of
~1mM for each). The Hg/HgO electrode and a Pt wire (serving as a
counter electrode, though no current is required) were immersed in
the redox solution. The OCP of the Pt wire versus the Hg/HgO elec-
trode was measured using a potentiostat (CHI1140C). This OCP equals
the formal potential of the redox couple (0.262 V) versus Hg/HgO. The
measured OCP of the Hg/HgO electrode was verified to match this
value (within ±5mV) prior to use.

Gas product quantification was performed using an online gas
chromatograph (Shimadzu, GC-2014C) equipped with a thermal con-
ductivity detector (TCD) and a flame ionization detector (FID). Carrier
gases included argon, nitrogen and hydrogen. Gas products were
detected every 13minutes using an automatic sampler to determine
catalyst selectivity and corresponding partial current densities. The
faradic efficiency (FE) of gas product was calculated using the follow-
ing equation:

FE %ð Þ= ncϑF
IV

*100% ð1Þ

where n is the number of electrons transferred, c is the product
concentration (ppm) detected by gas chromatography, F is Faraday’s
constant, ϑ is the gas flow rate (SCCM) at the GC outlet, V is the molar
volume (24.5 Lmol−1 at 298.15 K), and I (mA) is the total current at the
start of sampling.

Liquid products were quantified using an NMR spectrometer with
water suppression and pre-saturation methods. NMR samples were
prepared by mixing 0.5mL of catholyte solution, 0.10mL of D2O, and
100 ppm (v/v) DMSO (added as an internal standard).

The electrochemical active surface area (ECSA)of theCuSACswas
calculated using the following equation: ECSA = RfS, where S is the
ideal areal capacitance (10μF cm−2) of a smooth carbon surface (in this
work, S = 1 cm2). The roughness factor (Rf)was estimated relative to the

ideal areal capacitance of a smooth carbon surface using the relation:
Rf = Cdl/(10μF cm−2). The double-layer capacitance (Cdl) was deter-
mined by measuring the capacitive current associated with double-
layer charging from the scan rate dependence of cyclic voltammo-
grams (CVs) (Supplementary Fig. S35). Specifically, Cdl was estimated
by plotting jcapacity = (ja − jc)/2 at 1.058V versus RHE against the scan
rate, where the slope corresponds to Cdl. Here, ja and jc represent
anodic and cathodic current densities, respectively.

In situ ATR-SEIRAS measurement
In situ ATR-SEIRAS tests were performed using a Fourier transform
infrared (FTIR) spectrometer (Thermo Fisher Nicolet iS50) equipped
with a Pike Technologies VeeMAX III ATR accessory and an MCT-A
detector. A gold film was deposited on the Si prism via magnetron
sputtering. The electrocatalyst (~3.2mg) was mixed with 1mL of
2-propanol and 20μL of 5 wt% Nafion solution, followed by ultra-
sonication for 15min to form an ink. The resulting ink was drop-cast
onto the Au surface anddried under an infrared lamp. The Si prismwas
assembled into a home-made cell, with a graphite rod and an Ag/AgCl
(saturated KCl) electrode serving as the counter and reference elec-
trodes, respectively. During measurements, 0.5M KHCO3 electrolyte
was pre-saturated and continuously bubbled with CO2 gas. All spectra
were recorded at designated potentials from0 to −1.3 V vs. RHE, with a
resolution of 4 cm−1 and 64 scans.

Calculations
All DFT calculations were performed using the projector-augmented
wave (PAW)method as implemented in the Vienna ab initio simulation
package (VASP 5.4.4)49–52. The revised Perdew–Burke–Ernzerh (PBE)
functional (generalized gradient approximation) was used as the
exchange-correlation functional, with long-range dispersion correc-
tion from Grimme’s DFT-D3 method, and a kinetic energy cutoff of
450eV was employed53. To describe localized Cu 3d electrons, the
Hubbard model (DFT + U) was used with a U–J value of 3.0 eV54. The
CuN4 SAC was modelled in a supercell with a vacuum thickness >20Å
along the z-direction. The Brillouin zone was sampled using gamma-
cantered 1 × 1 × 1 k-points generated via the Monkhorst-Pack scheme.
Structural optimization was considered converged when the residual
force on each ion was <0.01 eVÅ−1 and the energy difference between
consecutive iterations was <10−5 eV per atom.

On this basis, we simulated the adsorption behaviour of the
*COOH, *CO, *CHO, *OCH2, *OCH3, *O and *OH intermediates for each
catalyst, with each model optimized to convergence. The free energy
change (ΔG) for each ECMstepwascalculatedusing the computational
hydrogen electrode (CHE) model via the equation:

ΔG=ΔE +ΔZPE� TΔS+ΔGU +ΔGpH ð2Þ

whereΔE is the total energy change fromDFT calculation,ΔZPE is
the zero-point energy change,T is temperature (298.15 K), andΔS is the
entropy change. Entropy was calculated using a harmonic oscillator
approximation. The effect of applied bias on the free energy of elec-
tron transfer steps was assessed using ΔGU = −neU (where U is the
electrode potential relative to RHE, e is the elementary charge, and n is
the number of electrons transferred). ΔGpH = 0.0591*pH. For the CHE
model, acidic (pH=0) and alkaline (pH= 14) conditions yielded iden-
tical results. Explicit solvent model calculations were performed to
evaluate solvent effects in 1MKOH (containing 55H2Omolecules and 1
KOH molecule). All DFT energies, zero-point energies, and
temperature-entropy corrections (T*S, T = 298.15 K) for relevant spe-
cies are provided in Supplementary Tables 9 and 10.

The DFT-based climbing-image nudged elastic band (CI-NEB)
methodwas employed55. The initial structure was a Cu SAmodel with a
7-Cu-atom cluster, and the final structure was a defect model sup-
porting an 8-Cu-atom cluster. After optimizing the initial and final

Article https://doi.org/10.1038/s41467-025-63781-9

Nature Communications |         (2025) 16:8641 12

www.nature.com/naturecommunications


structures, six transition state points were inserted using the VTST
tool, and CI-NEB calculations were performed with a force con-
vergence criterion of 0.05 eVÅ−1.

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