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CO electroreduction on single-atom copper
Yuxuan Wang1†, Boyang Li2†, Bin Xue1,3†, Nicole Libretto4†, Zhenhua Xie5, Hao Shen1,
Canhui Wang1, David Raciti6, Nebojsa Marinkovic5, Han Zong1, Wenjun Xie1, Ziyuan Li1,
Guangye Zhou1, Jeff Vitek1, Jingguang G. Chen5, Jeffery Miller4, Guofeng Wang2*, Chao Wang1*

Electroreduction of carbon dioxide (CO2) or carbon monoxide (CO) toward C2+ hydrocarbons such as ethylene,
ethanol, acetate and propanol represents a promising approach toward carbon-negative electrosynthesis of
chemicals. Fundamental understanding of the carbon─carbon (C-C) coupling mechanisms in these electrocata-
lytic processes is the key to the design and development of electrochemical systems at high energy and carbon
conversion efficiencies. Here, we report the investigation of CO electreduction on single-atom copper (Cu)
electrocatalysts. Atomically dispersed Cu is coordinated on a carbon nitride substrate to form high-density
copper─nitrogen moieties. Chemisorption, electrocatalytic, and computational studies are combined to
probe the catalytic mechanisms. Unlike the Langmuir-Hinshelwood mechanism known for copper metal surfac-
es, the confinement of CO adsorption on the single-copper-atom sites enables an Eley-Rideal type of C-C
coupling between adsorbed (*CO) and gaseous [CO(g)] carbon moxide molecules. The isolated Cu sites also
selectively stabilize the key reaction intermediates determining the bifurcation of reaction pathways toward
different C2+ products.
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INTRODUCTION
Renewable energy-driven electroreduction of CO2 represents a
promising approach toward artificial carbon recycling (1, 2). Elec-
trolytes of high alkalinity are known to favor C─C coupling, a key
step toward value-added C2+ hydrocarbon products such as ethyl-
ene, ethanol, acetate, and n-propanol (3, 4). However, CO2 dissolves
in aqueous electrolytes to form carbonic acid (H2CO3), which reacts
with hydroxide and causes degradation of the electrolyte (5). This
challenge can be circumvented by sequential electroreduction of
CO2 to CO and then CO to C2+ (6–12). Conversion of CO2 to CO
can be carried out in a bicarbonate buffer (e.g., KHCO3), for which
>90% Faradaic efficiency (FE) toward CO has been demonstrated
using metal catalysts such as Au (13–15) and Ag (16) or single-
metal–atom (17, 18) electrocatalysts. Meanwhile, the electroreduc-
tion of CO can be done using high-alkalinity electrolytes to take ad-
vantage of the enhanced C2+ selectivities (10, 19–24).

Metallic copper has been the sole monometallic catalyst known
for favoring C2+ products in CO2 and CO electroreduction (6, 25,
26). The rate of C2+ production is typically limited by the C─C cou-
pling step between adjacent *CO(H) adsorbates, which is sensitive
to the surface structure of Cu (19, 20, 26). On Cu(100) and (110), the
surface atoms with a fourfold symmetry are able to accommodate
and stabilize the transition state of C─C coupling between two
bridge-adsorbed *CO (8, 27–31). Such *CO─*CO dimerization is
mediated by electron transfer and has a lower energy barrier than
C─C coupling after a hydrogenation step, e.g., between *CO and

*CHO (or *COH). The latter likely takes place at relatively high
overpotentials on Cu(111) (32, 33), although *CO─*CO dimeriza-
tion has also been cited to account for the selective reduction of CO
to acetate on this type of metal surface (31, 34). Nevertheless, the
understanding of CO2/CO reduction pathways toward C2+ products
thus far is largely limited to the Langmuir-Hinshelwood (L-H)
mechanism, which usually requires high coverages of adsorbing in-
termediates (35). While Cu binds to *CO relatively weakly, other
transition metals such as Pt and Pd bind to CO too strongly and
suffer from CO poisoning (36). Advanced electrocatalytic materials
with alternative C─C coupling mechanisms and enhanced selectiv-
ity ward a specific C2+ product remain to be developed for CO2/CO
reduction electrocatalysis.

Here, we report a single-copper-atom electrocatalyst for selective
reduction of CO to acetate (Fig. 1). By copyrolysis of copper chlo-
ride (CuCl2) and urea (see Materials and Methods for details),
atomically dispersed Cu was supported on nonstoichiometric
carbon nitride (denoted as Cu1@n-C3N4) and stabilized via cop-
per‑nitrogen coordination (Fig. 2A). The Cu1@n-C3N4 electrocata-
lyst exhibited high activity for selective reduction of CO to
multicarbon products, with the overall FE toward C2+ (FEC2þ

)
reaching 74%. In particular, acetate is the dominant product with
FEacetate achieving ~50%, which surpasses many known electrocata-
lysts for acetate production under similar conditions (table S1). A

Fig. 1. Scheme of concept. Illustration of the E-R mechanism for CO electroreduc-
tion on Cu1@n-C3N4.
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combination of kinetic study depending on CO partial pressure and
Tafel slope analysis revealed that a unique Eley-Rideal (E-R) mech-
anism accounts for C─C coupling on the isolated copper sites. This
mechanism was further corroborated by performing density func-
tional theory (DFT) calculations, which illustrated the distinct ad-
sorption configurations of key reaction intermediates determining
the C─C coupling mechanism and the following bifurcation of re-
action pathways toward different C2+ products.

RESULTS
Synthesis and characterization of Cu single-atom
electrocatalysts
TwoCu single-atom electrocatalysts (SAECs) were prepared with 27
and 10 weight % (wt %) of metal loading (denoted as Cu1@n-C3N4–
27% and Cu1@n-C3N4–10%), for which the element compositions
were characterized using electron energy-loss spectroscopy (EELS)
and inductively coupled plasma atomic emission spectroscopy (fig.
S1). Pristine C3N4 derived from the pyrolysis of urea in the absence
of CuCl2 was used as a control (37). The high metal loading in

Cu1@n-C3N4–27% is in line with the theoretical capacity (26.3 wt
%) of graphitic carbon nitride (g-C3N4) if one Cu atom is presum-
ably anchored on each unit cell (fig. S2), albeit that the C:N atomic
ratios in the n-C3N4 substrates are off the stoichiometry of g-C3N4
(56:44 and 47:52 for Cu1@n-C3N4–10% and Cu1@n-C3N4–27%, re-
spectively). X-ray diffraction (XRD) patterns of these materials
show typical peaks of C3N4, and no features are found to be associ-
ated with copper metal or copper oxides (fig. S3). The strongest
peak at 27.5° can be assigned to the (002) lattice plane of g-C3N4,
corresponding to a d spacing of 0.323 nm between the stacked gra-
phitic layers of C3N4. The absence of aggregated copper species is
confirmed by both low- and high-resolution transmission electron
microscopy (TEM) imaging (figs. S4 and S5). High-angle annual
dark-field scanning TEM (HAADF-STEM) images show that the
majority of Cu species is dispersed as individual atoms. The
bright-field STEM images show a layered structure with an interlay-
er spacing of ~0.33 nm, corresponding to the (002) lattice planes of
C3N4 as also resolved from the XRD analysis (fig. S6).

Elemental mapping based on STEM-EELS spectral imaging
analysis shows uniformly distributed Cu species at high densities

Fig. 2. Synthesis and characterization. (A) Scheme for the synthesis of Cu1@n-C3N4. (B) EELS-based elemental mapping (color contoured in atomic %) on Cu1@n-C3N4–
27%. (C) EELS spectra of Cu1@n-C3N4–27% and the references (Cu, Cu2O, and CuO). (D and E) XANES and (F) EXAFS spectra of Cu1@n-C3N4–27%, Cu1@n-C3N4–10%, and
the references including Cu2O, CuO, Cu-TPP, and Cu foil. a.u., arbitrary units.
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on the n-C3N4 substrate (Fig. 2B). Line profile analysis suggests that
the distribution of Cu is more tightly correlated to N than C, indi-
cating the preferential anchoring of Cu at the nitrogen sites on the
substrate (fig. S7). The EELS spectra for Cu1@n-C3N4 exhibit white
line features with onsets at ~933 and ~953 eV. Compared to the
various references including Cu, Cu2O, and CuO, these features
can be assigned to the L3 and L2 absorption edges of Cu1+, suggest-
ing an oxidation state of +1 for the copper species in the SAECs
(Fig. 2C). This finding is corroborated by x-ray photoelectron spec-
troscopy (XPS) measurements (fig. S8), as evidenced from the
absence of the satellite peak in Cu 2p XPS spectrum and the
916.8 eV (L2M45M45) peak in Cu Auger spectrum which are chrac-
teristic of Cu2+. The N 1s XPS spectra were also fitted to compare
the coordination environments between g-C3N4 and Cu1@n-C3N4–
27% (fig. S9). Notably, Cu1@n-C3N4–27% exhibits a much more
pronounced feature associated with the tri-coordinated N (M-N-
C2) than for g-C3N4, consistent with the expectation for Cu─N co-
ordination (38).

Atomic structure of the Cu SAECs was resolved by performing
x-ray absorption spectroscopy (XAS) measurements. X-ray absorp-
tion near-edge structure (XANES) regions of both Cu1@n-C3N4–
27% and Cu1@n-C3N4–10% exhibit onsets at 8.982 keV, which re-
sembles the case for Cu2O but is distinc from Cu (8.981 keV) and
CuO (8.985 keV) (Fig. 2D) (39, 40). The XANES spectra of Cu1@n-
C3N4 are also distinct from Cu(II) tetraphenylporphyrin (Cu-TPP),
an organometallic compound with fourfold Cu─N coordination
(fig. S10), by showing no pre-edge feature around 8.978 keV, with
the latter being characteristic of Cu2+ (Fig. 2E) (41). The XANES
analysis is thus consistent with EELS and confirms the 1+ oxidation
state of Cu in the SAECs. The local atomic coordination around the
Cu centers was inferred by fitting the extended x-ray adsorption fine
structure (EXAFS) spectra (Fig. 2F). The first-shell fit demonstrates
that Cu1@n-C3N4–27% and Cu1@n-C3N4–10% contain 1.8 and 1.7
Cu─N bonds, respectively, with a bond length of 1.91 Å (table S2;
see the details of fitting in fig. S12). This short bonding distance is in
line with Cu─N observed in Cu-TPP (1.98 Å), whereas typical
Cu─O bonding distances in reference oxides (CuO and Cu2O)
exceed 2.00 Å. No Cu─Cu bond was observed, confirming the
single-atom dispersion of Cu in the SAECs.

Electrocatalytic studies for CO reduction
The electroreduction of CO was measured using a gas-diffusion
electrode (GDE) cell and 1 M KOH as the flowing electrolyte (fig.
S13, A and B) (42, 43). The products derived from Cu1@n-C3N4–
27% are mainly composed of C2+ hydrocarbons throughout the in-
vestigated potential range [from −0.5 to −1.0 V versus reversible
hydrogen electrode (RHE); the same potential scale is used in the
following discussion unless otherwise specified], which are domi-
nated by acetate but still contain a trace amount of methane at po-
tentials more negative than −0.6 V (Fig. 3A and fig. S13C).
FECH3COO� reaches 46% at −0.5 V and persists at more negative po-
tentials, with the maximum, 48%, recorded at −0.8 V (Fig. 3B). Eth-
ylene also appears at −0.5 V, with a relatively low FE (FECH2CH2 ) of
3%. Ethanol and n-propanol are present in the products obtained at
potentials more negative than−0.7 V, with corresponding FEC2H5OH
and FEC3H7OH found to be at ~8 and ~ 6%, respectively. The FE
toward methane (FECH4) is merely 4% at most as observed at −1.0
V. Noticeably, the high activity and selectivity of Cu1@n-C3N4–27%

persist through elongated operations. In a chronopotentiometric
stability test at 60 mA/cm2, the overpotential was quite stable
throughout a period of 24 hours, and FECH3COO� only changed
slightly from 48% at the beginning to 44% at the end (Fig. 3C).
Compared to the previously reported electrocatalytic performances
of Cu nanocrystals for CO reduction, the Cu SAECs behave more
similar to Cu(111) nanosheets in terms of selective production of
acetate, as compared to Cu nanocubes [with (100) dominated
surface] that favors ethylene production (34). However, the discrete,
namely, absence of continual copper-atom ensembles, and cationic
(+1, versus metallic Cu0) nature of the active sites suggests a differ-
ent catalytic mechanism toward the same C2 product, acetate, on the
Cu SAECs.

We have further compared g-C3N4 (fig. S14) and Cu1@n-C3N4–
10% (fig. S15) with Cu1@n-C3N4–27% for CO reduction. At −1.0 V,
Cu1@n-C3N4–27% delivers the highest total current density per
geometric area of the electrode (Jtot), which achieves 104 mA/cm2

(Fig. 3D). At this potential, Cu1@n-C3N4–10% and g-C3N4 deliver
63 and 14 mA/cm2, respectively. Similar trend exhibits in the
current density of CO reduction (JCO), which reads at 83.9 and
28.1 mA/cm2 at −1.0 V for Cu1@n-C3N4–27% and Cu1@n-C3N4–
10%, respectively (Fig. 3E). No CO reduction product in substantial
amount but H2 was obtained from the control experiment with g-
C3N4 (fig. S14). Moreover, the selectivity also correlates tightly to
the Cu loading. For example, FECH3COO� reads at 0, 14, and 48%
at −0.8 V for the three catalysts, corresponding to JCH3COO� of 0,
7.1, and 32.9 mA/cm2, respectively (Fig. 3F; also see figs. S14 and
S15 for more electrocatalytic results of Cu1@n-C3N4–10% and g-
C3N4). The consistent trends of Cu1@n-C3N4–27% > Cu1@n-
C3N4–10% > C3N4 for both current density and FE indicates that
the atomically dispersed Cu is not only the active site for activation
of CO but also accounts for C─C coupling and restriction of the
consequent reaction pathway toward a specific C2 product. This is
congruent with the control experiment performed on Cu nanopar-
ticles supported on C3N4, which does not show comparable perfor-
mancewith the Cu SAECs for electroreduction of CO to acetate (fig.
S16). Moreover, electrocatalytic studies using isotope-labeled 13CO
confirmed that both carbon atoms in the acetate product were
derived from the reduction of carbon monoxide (figs. S17 and S18).

Active sites and kinetic studies
The assignment of single-atom Cu as the active site is corroborated
by performing diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) and CO stripping voltammetry analyses. In the
DRIFTS spectra collected on Cu1@n-C3N4–27% and Cu1@n-C3N4–
10% with CO preabsorbed at room temperature, a peak appears at
2,098 cm−1, which is absent in the case of g-C3N4 (Fig. 4A). This
feature can be assigned to the stretching of C═O bond in linearly
absorbed *CO (18, 44, 45). In line with the observations from
DRIFTS, the CO stripping voltammograms (recorded at room tem-
perature in 0.1 M KOH; see the experimental details in Materials
and Methods) recorded on Cu1@n-C3N4–27% and Cu1@n-C3N4–
10% exhibit a peak at 0.28 V, which is not seen for g-C3N4
(Fig. 4B). The peak intensity integrated from the CO stripping vol-
tammograms increases with metal loading (fig. S19), signaling that
the observed *CO features are indeed associated with the uniformly
distributed single-atom Cu sites. Noticeably, the previous studies of
temperature-programmed CO desorption show that *CO desorbs
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from metallic Cu surfaces below or at room temperature (31, 46).
Meanwhile, no such features were observed in our control experi-
ments with the C3N4-supported Cu nanoparticles (fig. S20). Thus,
atomically dispersed Cu sites in the SAECs are believed to have dis-
tinct adsorption properties from their metallic counterparts and
thereby give rise to dissimilar catalytic mechanisms for CO reduc-
tion. As to be shown below by computational simulations, such a
difference is corroborated by the much stronger binding of CO
on the single-atom Cu sites than on continuous Cu surfaces.

Stability of the Cu SAECs was also revealed by in situ XAS
studies, which showed nearly no change in either XANES or
EXAFS spectra under reaction conditions (Fig. 4, C and D and
fig. S21). The structural fitting parameters derived from the in
situ EXAFS spectra are included in table S2. We found that the co-
ordination number of Cu in Cu1@n-C3N4 increased from 1.7 to 1.8
measured ex situ (Fig. 1F, protected with Kapton tape and kept from
exposure to air) to 2.7 to 2.8 under the CO reduction reaction con-
dition. Such a difference can be attributed to the adsorption of CO,
as the Cu─N (1.91 Å) and Cu─C (1.78 Å for Cu─*CO) bonding
involved in the Cu1@n-C3N4 electrocatalysts are nearly indiscern-
ible in EXAFS. Because of the strong Cu─*CO binding (as predicted
from the DFT calculations and confirmed with the above chemi-
sorption analysis), the coverage of *CO on the single-atom Cu
sites is expected to be high (near one monolayer) during the reac-
tion. These adsorbate-induced changes in coordination number
have also been observed in the previous in situ XAS studies of tran-
sition metals (such as Pt and Pd) that bind strongly to CO (47, 48).

Given with the clear indication of single-atom Cu being the
active sites, we then turned our effort to find out the rate-

determining step (RDS) of CO reduction on such sites. For that
purpose, we performed kinetic analysis of the reaction order with
respect to CO and the Tafel slope in terms of JCH3COO� . In the
former case, the electroreduction of CO was measured at various
CO partial pressures (PCO) at −0.6 V. While the total current den-
sities remain quite consistent, JH2 decreases from 11.5 mA/cm2 at
PCO = 0 to 4.6 mA/cm2 at PCO = 1 atm, corresponding to increase
in CO reduction current density from 0 to 10.1 mA/cm2 (Fig. 4D).
Product distribution shares a similar trend, namely, decreasing
FEH2 and increasing FEC2 with PCO (Fig. 4E). We have further ana-
lyzed the reaction order (n) with respect to CO for the reduction of
CO to acetate, the major C2 product. n is found to exhibit divergent
values at different PCO values (Fig. 4F). In the low-PCO region (0 to
0.15 atm), the rate of acetate production is nearly first order with
respect to CO. The reaction seems to approach saturation at PCO

> 0.3 atm, and the rate of acetate production becomes weakly depen-
dent on the CO concentration, where n drops to 0.15. Between these
two extremes is obviously a transitional region with an intermediate
n of 0.49. In line with the observations in terms of reaction orders,
the slope (η) derived from the Tafel plot for JCH3COO� also diverges
at high and low PCO values, determined to be −123 and −406 mV
per decade at PCO = 1 and 0.15 atm, respectively (Fig. 4G).

Comparing these kinetic parameters to those expected for the
different RDSs of C2+ product formation (table S3) (49, 50), the
high-PCO case with nearly zero reaction order and a Tafel slope of
−123 mV per decade for acetate production indicate that the reac-
tion rate is limited by the hydrogenation of *CO to *CHO (or

Fig. 3. Electrocatalytic performance. (A) Partial current densities, (B) FEs, and (C) stability test of Cu1@n-C3N4–27%. Comparison of (D) total current density (Jtot), (E)
partial current density for CO reduction (JCO), and (F) FE (FECH3COO� ) and current density (JCH3COO� ) for acetate at −0.8 V among g-C3N4, Cu1@n-C3N4–10%, and Cu1@n-
C3N4–27%.
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*COH), via

�COþH2Oþ e� !
k1 �CHOþ OH� ð1Þ

Hereby it should be noticed that the hydrogen is sourced from
water molecules instead of coadsorbed *H, as otherwise one would
expect a negative CO reaction order and a lower Tafel slope (21).
Because of the strong binding of *CO (calculated to be 0.94 eV;
see the discussion below for computational simulations), the cover-
age of intermediate adsorbates (*CO, *CHO, etc.) on the single-

atom Cu sites is likely not (or weakly) dependent on PCO, giving
rise to the nearly zero order with respect to CO. At low PCO, the
scenery with first order and a Tafel slope of −406 mV per decade
in combination for acetate production is unprecedented for any
known RDS of CO reduction toward C2+ (table S3), indicating a dis-
tinct reaction pathway on the Cu SAECs as compared to the exten-
sively studied metallic Cu electrocatalysts. After more detailed
kinetic analysis (see the Supplementary Materials for the details
of macrokinetic modeling), we ascribe it to an E-R mechanism on

Fig. 4. Active sites and kinetic studies. (A) DRIFTS spectra and (B) CO stripping voltammograms of Cu1@n-C3N4–27%, Cu1@n-C3N4–10%, and g-C3N4. (C) In situ XANES
spectra of Cu1@n-C3N4–27%measured at 0,−0.5,−0.75, and−1 V, with CO as the reactant gas and 1M KOH as the electrolyte. (D) Plot of partial current density for acetate
versus PCO at −0.6 V. (E) FEs of CO reduction products measured in dependence of PCO, catalyzed by Cu1@n-C3N4–27% at −0.6 V. (F) Kinetic plots showing the reaction
order of acetate production with respect to CO. (G) Tafel plots at high-PCO (1 atm) and low-PCO (0.15 atm) conditions. (H) EXAFS spectra of Cu1@n-C3N4–27%measured at 0,
−0.5,−0.75, and−1 V, with CO as the reactant gas and 1M KOH as the electrolyte. In (C) and (H), the spectra of Cu, Cu2O, CuO, and pristine Cu1@n-C3N4–27% (recorded ex
situ) are overlapped for comparison. (I) Illustration of the two RDS sceneries associated with the E-R type of C─C coupling mechanism.
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the single-atom Cu sites

�CHOþ COðgÞ !
k2 �CHOCO ð2Þ

This RDS is a non-Faradaic process and depends weakly on the
electrode potential, giving rise to the largely negative Tafel slope
(distinct from the electron transfer mediated *CO-*CO coupling
that has a Tafel stope of ca. −120 mV per decade). Similar to the
argument at high PCO, the coverage of *CO and its hydrogenated
derivatives (including *CHO) on the single-atom Cu sites is likely
high under the reaction conditions, which can be assumed to be in-
dependent of the gas-phase concentration of CO even at relatively
low PCO. Thereby, the RDS (reaction 2) is first order with respect to
CO due to the involvement of CO(g).

It should be pointed out that the above two sceneries are not nec-
essarily mutually exclusive and the two steps (reactions 1 and 2) can
take place sequentially in a consistent reaction pathway toward C2+
products (Fig. 4I). The shift of RDS from reactions 1 to 2 at reduced
PCO can simply be due to the slower rate of the E-R step at low PCO,
whereas the CO hydrogenation step remains unchanged. As dis-
cussed above, such a difference can be ascribed to the strong
binding of *CO and saturated coverage of *CO/*CHO on the
single-atom Cu sites. We also notice that the E-R mechanism de-
scribed in the RDS (reaction 2) differs from the previously reported
C─C coupling mechanism between *CO and CO(g) (51) via

�COþ COðgÞ !
k3 �C2O2 ð3Þ

Reaction 3 has been proposed as a possible pathway toward eth-
ylene production on metallic Cu surfaces at high PCO, in addition to
the C─C coupling between two adjacent *CO (19, 20, 51, 52). This
pathway would not give the high-PCO performance as seen for the
Cu SAECs here, although it cannot be excluded for the low-PCO

case. As to be elucidated below, our computational simulations
has shown that the formation of *C2O2 on the single-atom Cu
sites is highly unfavorable, and thereby the pathway via reaction 3
is not considered. On the other side, although a span of SAECs has
been reported to produce C2+ products such as ethylene (53, 54) and
ethanol (55), the possible involvement of E-R mechanism for C─C
coupling was not explicitly discussed in those studies. As to be dis-
cussed below, the Cu SAECs do not only exhibit a unique C─C cou-
pling mechanism, but are also advantageous in its high selectivity
toward a specific C2+ product, reaching >50% FE toward acetate.
This performance is superior to many Cu-based electrocatalysts
relying on the L-H mechanism that usually have broader product
distributions [e.g., a multihole cuprous oxide catalyst had only
35% FE toward ethylene as its most selective product, albeit with
higher overall FE for C2+ (56)].

Computational simulations
To corroborate the reaction pathway derived from the above kinetic
analysis, we have performed DFT calculations to simulate the CO
reduction pathways on the single-atom Cu sites. Among the
various Cu-Nx configurations (x = 2, 3, 6; fig. S22) that are possible
for anchoring Cu on the g-C3N4 substrate, Cu─N2 with one copper
atom coordinated to each unit cell of g-C3N4 via two Cu─N bonds
(fig. S23), at a 75° bonding angle, is predicted to be the energetically
most favorable one (fig. S24 and table S4). Noticeably, the formation
of fourfold metal‑nitrogen coordination (Cu─N4), which is more
commonly seen for single metal atoms anchored on nitrogen-

doped carbon substrates (M-N-C) (18, 57–59), is found to be ener-
getically unfavorable on g-C3N4, as envisioned from its incompati-
bility with the threefold symmetry of the g-C3N4 lattice. Our
calculations further show that the oxidation state of Cu in the
Cu─N2 center is +1 (figs. S25 and S26 and table S5). In addition,
the dimeric configuration of copper center on the g-C3N4 substrate
(Cu2@n-C3N4; fig. S27) was found to be energetically less favorable
than the monomers by ca. 0.99 eV. These results are consistent with
the experimental characterizations for the Cu1@n-C3N4 catalysts,
i.e., Cu(I) anchored on the C3N4 substrate with a Cu─N coordina-
tion number of ca. 2 and no Cu─Cu bonding present (Fig. 2F and
table S2). In addition, simulation of possible demetallation process-
es due to reduction of Cu(I) (59, 60) indicates that the Cu─N2
center is stable at potentials as negative as −1.0 V versus RHE
(fig. S28 and table S6), resembling the high stability of Cu1@n-
C3N4 derived from in situ XAS characterizations (Fig. 4, C and H).

CO is shownto bind strongly on the Cu─N2 site with an adsorp-
tion energy of −0.94 eV (table S7). In comparison, the values on
Cu(100) and Cu(111) are −0.53 and −0.47 eV, respectively. The
much stronger binding of CO on the single-atomCu sites compared
to the metallic copper surfaces is in line with the C═O vibrational
feature observed from DRIFTS in the former case but not for the
control with Cu nanoparticles (Fig. 4A and fig. S29). It is noted
that, in the Cu1@n-C3N4 catalyst, adsorption of CO on the N and
C sites adjacent to Cu is not favorable (e.g., 0.24 eV for *CO on C,
while *CO on the N site will transfer to the neighboring C site spon-
taneously; table S8), and, thereby, Cu is likely the only active site
accommodating CO adsorption in the SAECs. This finding is also
consistent with the observations of single *CO features on the
Cu1@n-C3N4 catalyst using DRIFTS (Fig. 4A) and CO stripping
(Fig. 4B), but not for the g-C3N4 substrate. The resolved adsorption
properties of Cu1@n-C3N4 thus confirm the atomically dispersed
Cu as the active site for CO reduction.

With Cu identified as the active sites, we predict that the electro-
reduction of CO on Cu1@n-C3N4 starts from CO adsorption and
protonation to form *CHO (reaction 1) (Fig. 5 and figs. S31 to
S34). Subsequently, C─C coupling via an E-R mechanism (reaction
2) takes place between the *CHO adsorbing on Cu and another gas-
phase CO molecule (or dissolved in the electrolyte) to form a *CO-
CHO. This C2 intermediate is further hydrogenated to form *CO-
CHOH, *CHCO, and *CH2CO, sequentially. Eventually, *CH2CO
could react with a water molecule to produce acetic acid or with
an OH− to form acetate (Fig. 5, A and B). The *CHO-CO(g) cou-
pling step has a kinetic barrier of 0.80 eV (see fig. S31A), which is
comparable to that for the C─C coupling via the L-Hmechanism on
Cu surfaces (20, 59). This value is also slightly lower than that [0.83
eV with water as the hydrogen source (21); fig. S35] for the hydro-
genation of *CO to *CHO on the single-atom Cu sites. The latter,
i.e., reaction 1, involves proton coupled electron transfer and turns
out to be the RDS for the overall free-energy reaction coordinate to
acetate, which agrees with the finding derived from kinetic analysis
for high-PCO conditions. The transition of RDS from CO hydroge-
nation at high PCO to C─C coupling at low PCO can be understood
via the increase in free energy barrier at reduced PCO (fig. S32). The
alternative *CO + CO(g) coupling path (reaction 3), in which the
C─C coupling occurs before the protonation of CO, is predicted
to have a free-energy barrier of 2.21 eV, much higher than those
for the *CHO + CO(g) coupling and the protonation of *CO and
is thus considered to be unfavorable on the Cu SAECs (fig. S34).
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The E-R mechanism described above is believed to be more fa-
vorable than possible L-H type of C─C coupling on the Cu1@n-
C3N4 catalyst. Coadsorption of two C1 species, such as *CO and/
or *CHO, on a single Cu site is highly unstable with a positive ad-
sorption energy of 0.25 eV (table S9). The activation energy for
C─C coupling via the L-H mechanism (*CO + *CHO →
*COCHO) is calculated to be 2.45 eV, unsurmountable at room
temperature, suggesting that the C─C coupling unlikely goes
through the L-H mechanism on the Cu1@n-C3N4 electrocatalysts
(fig. S31B). This is distinct from the case on metallic Cu surfaces,
where the continual surface is essential for accommodation of the
L-H type of C─C coupling mechanism between neighboring adsor-
bates (20, 61). We note that the free energies of *CHO adsorbing on
the single-atom Cu site and its adjacent C site are quite similar,
which are calculated to be −0.09 and 0.00 eV, respectively (table
S9), invoking the possible migration of *CHO from the former to
the latter (62). However, the smallest distance between the *CHO
adsorbing on C and the *CO on Cu is found to be about 3.8 Å,
quite larger than any value known for C─C coupling [e.g., ~3.3 Å
for *CO─*CO coupling on Cu(100); see fig. S30 for the details of
modeling]. In addition to this concern, the reaction order with
respect to CO is expected to be nearly zero at low PCO for the
pathway with C─C coupling between *CO on Cu and *CHO on
C, considering the strong binding of *CO on the single-atom Cu
sites. This would not be consistent with the first order derived
from experimental measurements (Fig. 4F). Thereby, the L-H
type of C─C coupling mechanism can be excluded for the electro-
reduction of CO on the Cu SAECs.

After determining the C─C coupling mechanism, we further ex-
amined the bifurcation of reaction pathway toward different C2
products. The continual reduction of *CHCO can form either
*CH2CO or *CHCHO (Fig. 5, A and B). It has previously been re-
ported that, during the electroreduction of CO, *CH2CO is the in-
termediate toward acetic acid, whereas *CHCHO mainly leads to
ethylene or ethanol (19, 34). On the Cu─N2 site, the selectivity
toward different C2 products is determined by the free energy
change of two competing reactions, *CH-CO → *CH2CO toward
acetate and *CH-CO → *CHCOH toward ethylene and ethanol.
After including the solvation effect in our calculations, we predict
that the free energies change to be −0.15 eV for the *CH-CO →
*CH2CO step and 0.94 eV for *CH-CO → *CHCOH at U = 0 V
(Fig. 5A), with the former being more favorable by >1 eV than
the latter, but both are independent of PCO on the strongly
binding single-atom Cu sites. It should be noted that, while
*CHCHO binds to the Cu─N2 site via a single C─Cu bond,
*CH2CO coordinates onto the single copper-atom site via two
C─Cu bonds, forming a three-membered ring with Cu via a π
bond (Fig. 5C). Both the π bond and the three-membered ring con-
figuration are believed to be crucial for the stabilization of *CH2CO
on the Cu─N2 site. This is in contrast to the case on metallic copper
surfaces, where *CH-CHO is thermodynamically much more stable
on Cu(100) than *CH2CO, causing more favorable formation of
ethylene (table S10) (19). In that case, the O atom in *CH-CHO
could coadsorb on the neighboring Cu site to form a five-membered
ring, which is an energetically favorable structure (fig. S30). On the
single-atom Cu without neighboring coadsorption sites, *CH-CHO
can only form an unstable tetratomic ring, which spontaneously

Fig. 5. Computational simulations. Predicted free energy evolution for CO reduction to C2 hydrocarbons on the Cu─N2 site under an electrode potential of (A) 0 V/RHE
and (B) −0.5 V/RHE. (C) Calculated free energy change for *CH-CO to *CH2CO/*CH-CHO.
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transforms into the state with a single C─Cu bond (Fig. 5C). Over
the course of CO reduction on Cu1@n-C3N4, higher PCO makes the
C─C coupling via the E-R mechanism *CHO + CO(g) → *COCHO
more favorable and thus gives rise to higher reactivity toward C2
products, but the increase would mainly go toward acetate due to
the dominance of *CH-CO → *CH2CO over *CH-CO →
*CHCOH toward ethylene. It thus explains the experimentally ob-
served strong dependence of Jacetate on the PCO but not for Jethylene
(Fig. 4G).

DISCUSSION
In summary, we have revealed a new C─C coupling mechanism for
the electroreduction of CO on single-atom Cu electrocatalysts,
Cu1@n-C3N4. This type of catalyst contains Cu(I)-N2 active
centers, on which E-R type of C─C coupling takes place between
*CHO (formed via hydrogenation of *CO strongly binding on
Cu) and gas-phase CO. This E-R mechanism can explain the ob-
served catalytic activity and selectivity enhancements, as well as re-
action kinetics in terms of reaction order with respect to CO and
Tafel slope for acetate production. Moreover, we have also deter-
mined the relative stabilities of different C2 intermediates post
C─C coupling on the single-atom Cu site, which explains the
high selectivity toward acetate versus other C2 hydrocarbons. Our
work illustrates the great potential of SAECs for the development of
CO2 and CO reduction electrocatalysts beyond Cu metal.

MATERIALS AND METHODS
Experimental methods
Materials
Copper(II) chloride (CuCl2, ≥99.995%), urea (99.0 to 100.5%), po-
tassium hydroxide (KOH) [for cyclic voltammograms (CVs),
99.99%], Nafion 117 containing solution (~5% in a mixture of
lower aliphatic alcohols and water), and carbon–13C monoxide
(13CO; <5 atom % of 18O and 99 atom % of 13C) were purchased
from Sigma-Aldrich. Potassium hydroxide (KOH; for electrolysis,
85% min; K2CO3, 2.0% max) was purchased from Alfa Aesar. Gas
diffusion layer (GDL; Sigracet 39 BCE) and anion exchange mem-
brane (Fumasep FAB-PK-130) were purchased from Fuel Cell Store.
All the materials were used without further purification. Electrolyte
solutions were prepared using 18.2 megohms of H2O (Elga Veolia).
Characterization
TEM images were acquired on a Phillips EM 420microscope. STEM
images and EELS were acquired in an aberration-corrected FEI
Titan transmission electron microscope operated at a primary elec-
tron energy of 300 keV. The microscope is equipped with a probe
spherical-aberration corrector that allows for a ~0.1 nm spatial res-
olution, as well as a Wien-filter monochromator that provides an
energy resolution of ~0.3 eV. EELS was acquired using a spectral
dispersion of 0.2 eV per channel for the spectrometer. A conver-
gence semiangle of 13.7 mrad is used for both STEM imaging
and EELS. For EELS, a collection semiangle of 8.3 mrad is used.
For HAADF-STEM imaging, a 70 mrad collection inner angle is
used. Elemental and atomic % distribution maps were extracted
from EELS spectrum images. Digital Micrograph (Gatan Inc.,
USA) is used for data acquisition and processing. The XRD data
were collected on a laboratory Bruker D8 Focus diffractometer
(40 kV, 40 mA, sealed Cu x-ray tube, Kα1 = 1.540596 Å and Kα2

= 1.544493 Å) with a Ni filter and LynxEye position–sensitive de-
tector at room temperature. Gas product was analyzed on-line using
a gas chromatography–mass spectrometer (GCMS-QP2010SE, Shi-
madzu). The liquid product was collected for each potential and an-
alyzed by a 300 MHz nuclear magnetic resonance (NMR)
spectrometer (Bruker), with dimethyl sulfoxide as internal
standards.
Synthesis of Cu1@n-C3N4
In typical synthesis of Cu1@n-C3N4, 10 g of urea and 268 mg of
CuCl2·2H2O were dissolved in 20 ml of deionized water, and the
solution was stirred for 1 hour and dried at 80°C for 12 hours to
remove water. The dried mixture was calcined at 550°C for 2
hours with a ramping rate of 25°C/min under a high purity argon
(≥99.999%) atmosphere. After pyrolysis, a dark-yellow power
derived was used directly for characterization and catalysis test
without acid leaching. The resulting powder was referred to as
Cu1@n-C3N4–27%. Additional product was obtained with the
amount of CuCl2·2H2O changed to 67 mg, while the other condi-
tions remain the same, and the obtained product was referred to as
Cu1@n-C3N4–10%. Last, a product synthesized without a copper
salt while the other conditions remain the same was referred to
as C3N4.

To synthesize Cu cluster-loaded C3N4, 50 mg of CuCl2·2H2O
and 50 mg of C3N4 were added to 10 ml of deionized water, soni-
cated for 5 min, and stirred for 1 hour to obtain a stock solution
A. Twenty-two milligrams of NaBH4 was dissolved in 10 ml of de-
ionized water to form a stock solution B. After that, the stock sol-
ution Bwas added dropwise to stock solution A, and the stirring was
continued for 1 hour, followed by centrifugation, washing with de-
ionized water three times, and vacuum-drying at 50°C for 12 hours.
The product was referred to as Cu clusters, C3N4.
Electrocatalytic studies
The catalyst ink was prepared from a mixture of catalyst (20 mg),
deionized H2O (2 ml), isopropanol (2 ml), and Nafion solution
(0.15 ml). The mixture was sonicated for at least an hour to form
a uniformed suspension. Working electrodes were prepared by
drop-casting 0.4 ml of catalyst ink onto the GDL (~1 cm2) and
wait until it is dry at ambient conditions. Electrochemical measure-
ments were performed using an Autolab 302 potentiostat
(Metrohm). A Hg/HgO electrode (Koslow Scientific) was used as
the reference electrode. IrO2 powder deposited on GDLs was used
as the counter electrode. Alkaline electrolytes (1 M KOH) were
flown through both the cathodic and anodic compartments of the
GDE cell at 0.5 ml/min using a syringe pump. CO gas is introduced
into the gas chamber at a constant rate of 20 standard cubic centi-
meters per minute. The gas-phase products were analyzed online
using gas chromatograph–mass spectrometry (GC-MS-QP2010SE,
Shimadzu), and liquid-phase products were analyzed after ~12 min
of reaction at each potential using NMR spectroscopy. All potentials
discussed in this work were converted to the RHE scale by following
the equation E (versus RHE) = E (versus Hg/HgO) + 0.14 V +
0.0591 V × pH. The electrochemical test was done with iR correc-
tion. A scheme showing the electrochemical setup was included in
fig. S21.

CO stripping voltammetry was measured with a rotating disk
electrode. For a typical experiment, a catalyst ink, consisting of 1
mg of catalyst, 0.9 ml of deionized H2O, 0.1 ml of isopropanol,
and 5 μl of Nafion solution, was prepared. A drop of 20 μl of catalyst
ink was pipetted onto the glassy carbon electrode and wait until it is
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dry. Before the cyclic voltammetry test, the electrode was held at
0.05 V (versus RHE), while pure CO gas was purged into the elec-
trolyte (0.1 M KOH) for 10 min. Then, the electrolyte was purged
with Ar gas for 40min to remove the CO dissolved in the electrolyte.
CVs were recorded between 0.05 and 1.05 V (versus RHE) at 50
mV/s.
CO DRIFTS
Fourier transform infrared spectra for CO adsorption were recorded
on a Nicolet 6700 spectrometer equipped with a mercury cadmium
telluride detector cooled by liquid N2. Before CO adsorption,
samples were evacuated at 200°C for 2 hours and then cooled to
25°C for CO adsorption. The DRIFTS spectra were collected at
25°C, after a 30-min purging with Ar. The spectra were collected
with a resolution of 4 cm−1 and accumulation of 100 scans for
each sample.
X-ray absorption spectroscopy
In situ XAS experiments were performed at the 10-BM beamline at
the Advanced Photon Source at Argonne National Laboratory. All
measurements were performed at the Cu K edge (8.979 keV) in
transmission mode in fast scan from 250 eV below the edge to
550 eV above the edge, which took approximately 10 min per
scan. The XANES energies were calibrated using Cu foil and set
to be 8.8932 eV (table S2). Samples were pressed into a stainless-
steel sample holder and placed in a sample cell. The cell was
sealed and transferred to the beamline for measurement. At the
Cu K edge, the Cu─N (CN = 1, R = 2.1 Å) scattering pair was sim-
ulated. So2 was calibrated by fitting the foil. This value was found to
be 0.85. A least squared fit the first shell of r- space and isolated q-
space were performed on the k2 weighted Fourier transform data
over the range 2.7 to 10 Å−1 in each spectrum to fit the magnitude
and imaginary components. The pre-edge feature at 8.978 eV
(Fig. 1E) is a result of s-p hybridization in transition metals and
can be attributed to the s → d electron transition of Cu2+.
In situ XAS
A laboratory-made acryl kit was used for the in situ x-ray measure-
ments (63). In situ XAS measurements of Cu K edge were conduct-
ed with the fluorescence mode, in the 7-BM beamline at National
Synchrotron Light Source II at Brookhaven National Laboratory.
Before the in situ XAS study, the pristine Cu1@n-C3N4–27% was
measured as a reference. KOH (1 M) was used as electrolyte and
5% CO (95% Ar) was used as gas reactant. Four cathodic potentials
were investigated, 0, −0.5, −0.75, and −1 V (versus RHE). The spec-
trum of Cu foil was recorded to calibrate the edge energy (E0) of the
samples under the same experiment conditions. For each sample, 50
scans (30 to 34 s each) were averaged together. The sample was
under reaction conditions for 25 to 30 min, and all 50 scans were
identical.
X-ray photoelectron spectroscopy
XPS measurements were analyzed using a Kratos Analytical AXIS
Ultra DLD spectrometer. The analyzing chamber of the spectrom-
eter typically maintained an ultrahigh vacuum working pressure
below 3.6 × 10−7 Pa. Spectra were collected using a monochromatic
Al Kα x-ray source with 20 eV analyzer pass energy and a 0.7 mm ×
0.3 mm spot size. Spectra were evaluated using Casa XPS software.

Computational methods
The first-principles DFT (64, 65) calculations with plane wave basis
set were performed using the Vienna ab initio simulation package
(VASP) software (66, 67). The projector augmented wave (68, 69)

pseudo-potential was used to describe the core electrons. The
cutoff energies of plane wave basis set were set as 400, 400, and
500 eV to expand the wave functions for CuPc molecule, CuN2
site, and metallic Cu surface, respectively. The generalized gradient
approximation of the revised Perdew, Burke, and Ernzernhof
(RPBE) (70) functionals was used to describe the electronic ex-
change and correlation energy term. The aqueous environment of
the electrolyte was treated with a continuum dielectric model as im-
plemented by the Hennig group in the VASPsol code (71). The rel-
ative permittivity was set as 78.4 to model the water environment.
CuN2 moieties embedded in a carbon nitride (C3N4) layer, p(2 × 2)
Cu(100), and p(2 × 2) Cu(111) were modeled as the active sites to
catalyze CO reduction reaction. The bond length of Cu─Cu in bulk
Cu was predicted to be 2.60 Å. A rhombic C3N4-layered structure
was modeled using 14 atoms, including six carbon atoms and eight
nitrogen atoms, and with a lattice parameter of a = b = 7.19 Å. In
addition, a 20 Å vacuum region was added perpendicularly to the
C3N4 layer to separate periodic images. The Brillouin zone was
sampled by Monkhorst and Pack (72) 5 × 5 × 1, 5 × 5 × 1, 5 × 5
× 1, 1 × 1 × 1 k-point grid for models of CuN2 active site, p(2 ×
2) Cu(100), p(2 × 2) Cu(111), and Cu-Pc molecule, respectively.
Bader charge analysis (73) was used to calculate the total valence
electron number of Cu in Cu─N2 and Cu-Pc.

In structural optimization calculations, the atom positions were
relaxed until the force on each ion fell below 0.01e V/Å. In our mo-
lecular vibration frequency calculation of Cu─N2 site, all the C and
N atoms were fixed, whereas the Cu and H atoms were allowed to
make vibrational motion. As for the vibrational frequency calcula-
tion of molecule in gas phase, all the atoms allow to make vibration-
al motion. The computational hydrogen electrode was used to
calculate the free energy of corresponding reaction intermediates
and evaluate the limiting potential of CORR on various active
sites. All computations were conducted under electrode potential
U = 0 V. The free energy of a chemical reaction was calculated as
follows

ΔG ¼ ΔEDFT þ ΔEZPE þ ΔHT � TΔS

where ΔEZPE is the energy change derived from DFT calculation,
ΔEZPE is the zero-point energy change, ∆HT is the enthalpy
change from 0 to T K, and ΔS is entropy change for the reaction.
ZPE corrections were calculated as ZPE ¼

P 1
2 hvi, where h is the

Planck’s constant and vi is the frequency of the corresponding vibra-
tional mode of binding molecules. The vibrational heat capacity in-
tegration

Ð T
0CpðtÞdt was used to calculate the ∆HT. The entropy

term is calculated as

S ¼ kB �
P

i
hvi
kBT
� 1

exp hvi
kBT

� �
� 1
� ln 1 � exp � hvi

kBT

� �h i
8
<

:

9
=

;
, where T is

the temperature of reaction, S is the vibrational entropy, h is the
Planck’s constant, kB is the Boltzmann constant, and vi is the fre-
quency of the ith vibrational mode.

For the molecules, the free energies were calculated as follow

G ¼ EDFT þ EZPE þ HT � TSþ
n
2
kBT

where n is eight for nonlinear molecule and seven for linear mole-
cule. We adopted the implicit solvation model to predict the free
energy of CH3COO− and C2H5OH in aqueous solution. The free
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energy correction for molecule in aqueous solution was predicted to
be −0.18 eV for C2H5OH, and −0.32 eV for CH3COO−,
respectively.
Validation of CO adsorption on Cu(111)/Cu(100) surface
using RPBE functional
In experiment, the measured CO coverage on Cu(100) or Cu(111)
surface was reported to be higher than 0.25 (74). To validate our
DFT method using the experimental result, we constructed a p(2
× 2) Cu(100) and Cu(111) surfaces with a CO molecule (coverage
of 0.25) adsorbed on and predicted the corresponding CO adsorp-
tion energies to be −0.53 eV on Cu(100) surface and −0.47 eV on
Cu(111) (table S7). These predictions agrees well with experimen-
tally measured CO adsorption energies of −0.53 eV on Cu(100)
surface and −0.49 eV on Cu(111) (74). This result suggests that
RPBE shows accurate prediction for CO adsorption on Cu
surface, in line with the conclusion of previous work (75).
Calculations for energy barrier/activation energy
Moreover, the constrained ab initio molecular dynamics (AIMD)
calculation (76) with reaction coordination gradually changing
from the initial to the final state (slow growth method) was
applied to predict the activation energy for the C─C coupling reac-
tion via the E-Rmechanism at 300 K. The simulation was conducted
using the canonical ensemble without considering the interaction
between CO molecules. Nose-Hoover thermostat was used to
keep temperature constant at 300 K (77). Time step in AIMD was
set to be 1 fs. As shown in fig. S31A, we predicted the activation
energy for C─C coupling via E-R mechanism to be 0.80 eV.

In addition, the nudged elastic band (NEB) calculations (78)
were performed to identify the transition state and predict the acti-
vation energy for the C─C coupling reaction via the L-H mecha-
nism and CO hydrogenation reaction. In NEB calculation, the
force along and perpendicular to the reaction path was relaxed to
less than 0.05 eV/Å. The activation energy for C─C coupling via
L-Hmechanismwas predicted to be 2.45 eV (fig. S31B). In addition,
the activation energies for CO hydrogenation were predicted to be
0.55 eV using proton as the hydrogen source and 0.83 eV using
water as the hydrogen source, respectively (fig. S35 and note S2).
Calculations for methane pathway
The bifurcation step between methane pathway and C2 product
pathway on Cu-C3N4 site is as follows (fig. S32). Following the
methane pathway, the adsorbed CHO will be protonated to form
*CHOH, whereas the adsorbed CHO will be coupled with other
CO to form *CO-CHO through C2 product pathway. We predicted
the free energy change for *CHO → *CHOH step to be 0.55 eV,
higher than that of 0.22 eV for CHO-CO coupling step. This
result indicates that CHO-CO coupling reaction is more thermody-
namically favorable than CHO protonation, explaining the high C2
product selectivity on Cu-C3N4 site. Moreover, we predicted the free
energy change to be −0.15 eV for *CH-CO → *CH2CO step and
0.94 eV for *CH-CO → *CHCOH step. This result further reveals
that acetate pathway is more favorable than ethylene or
ethanol pathway.

Supplementary Materials
This PDF file includes:
Tables S1 to S12
Figs. S1 to S35
Supplementary Text
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