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Reduction of carbon dioxide (CO,) by renewable electricity to produce multicarbon
chemicals, such as ethylene (C,H,), continues to be a challenge because of insufficient
Faradaic efficiency, low production rates, and complex mechanistic pathways. Here, we
report that the rate-determining steps (RDS) on common copper (Cu) surfaces diverge in
CO, electroreduction, leading to distinct catalytic performances. Through a combination
of experimental and computational studies, we reveal that C—C bond-making is the RDS
on Cu(100), whereas the protonation of *CO with adsorbed water becomes rate-limiting
on Cu(111) with a higher energy barrier. On an oxide-derived Cu(100)-dominant Cu
catalyst, we reach a high C,H, Faradaic efficiency of 72%, partial current density of 359
mA cm?, and long-term stability exceeding 100 h at 500 mA cm >, greatly outperform-
ing its Cu(111)-rich counterpart. We further demonstrate constant C,H; selectivity of
>60% over 70 h in a membrane electrode assembly electrolyzer with a full-cell energy
efficiency of 23.4%.

CO, electroreduction | rate-determining step | facet | ethylene |
selectivity and long-term stability

Ethylene (C,H,) has a global market volume of around 224 million tons in 2022, far
exceeding that of any other organic chemical demanded annually (1). It is an important
industrial building block to make various plastics, cosmetics, and solvents. Traditional
production of C,H, was relied on steam cracking of long-chain hydrocarbons (e.g., naphtha
or liquefied petroleum gas); this process, unfortunately, releases more than 200 million
tons of carbon dioxide (CO,) per year, contributing approximately 0.6% of total anthro-
pogenic CO, emissions (2, 3). The electrochemical CO, reduction (CO,R) with water
using renewable electricity offers a promising path for low-carbon C,H, production (4-9).
Performance of the CO,-to-C,Hj electroreduction has progressed substantially over past
years via tuning of catalyst morphology (10), oxidation state (11), facets (12) and defects
(13), introduction of molecules (14) and halogens (15), alloying of copper (Cu) with
other metals (16), and use of cascade CO, electroreduction (17). In alkaline media, peak
Faradaic efficiencies (FE) of 70% and >80% have been reported over abrupt Cu interface
(18) and Cu-Al alloy (16), respectively, but operating in alkali imposes a low carbon
utilization efficiency. Recently, CO,-to-C,H, electroreduction in mild neutral electrolytes
has shown impressive FEs on some Cu-based catalysts (19-22); however, only a few of
these catalysts were demonstrated to exhibit a high partial current density of >300 mA
cm™. Moreover, their performances in realistic membrane electrode assembly (MEA)
electrolyzer are sparsely explored (23).

To put commercial-scale electrosynthesis of C,H, into perspective, research efforts
should be devoted to not only new catalyst design but also mechanistic understanding
that governs the CO,R properties. At present, the mechanism of the reaction pathway
toward multicarbon (C,,) products remains a matter of ongoing debate (24-26). One
critical issue is whether C—C coupling or the protonation of *CO to *CHO is the
rate-determining step (RDS). Over Cu catalysts, Xu and coworkers proposed recently that
the protonation of *CO with adsorbed water was the RDS during CO electroreduction
in the formation of C,, products (25). In contrast to this proposal, however, Kastlunger et al.
reported that C—C bond-making was energetically favored as RDS in the electrochemical
CO-to-C,, conversion according to joint computational and experimental studies (26).
During CO,R on Cu, it has widely been thought that C—C coupling-a pH-independent
process-is the RDS for C,, product formation (27-31). Nevertheless, the RDS of C,,
formation on a Cu catalyst in principle can also be the protonation of *CO with adsorbed
water, which shows a pH-independent reaction rate as well (24). Identifying the exact
rate-limiting CO,R step on Cu will provide foundational insight into catalyst develop-
ment, which, however, has been poorly investigated thus far (32).
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Here, we combined in situ spectroscopic studies with electrok-
inetic measurements and density functional theory (DFT) calcu-
lations and observed a RDS transition from the protonation of
*CO with adsorbed water on Cu(111)-dominant Cu to the C—C
coupling step on Cu(100)-dominant Cu catalyst. Our results fur-
ther reveal that the rate-limiting barrier of C—C coupling on
Cu(100) is considerably lower than the protonation of *CO taking
place on Cu(111). As a result, we achieved efficient CO,-to-C,Hy
conversion on Cu(100)-dominant Cu with a partial current den-
sity of 359 mA cm™’, FE of 72%, and a half-cell C,H, power
conversion efficiency (PCE) of 33%, far surpassing the metrics
obtained on Cu(111)-dominant counterpart.

Results and Discussion

Catalyst Synthesis and Characterizations. Copper nanostructures
with different facets have been well studied for catalyzing CO,R
(33-39). As previously demonstrated, Cu(100) can facilitate
C,H, formation more efficiently than Cu(111) (34). Compared
with the close-packed Cu(111) surface, the low-coordination
Cu(100) enables superior adsorption of *CO and thus a higher
*CO coverage (35), which improves the reaction kinetics for
C—C coupling. Nevertheless, prior studies (36, 37) also report
that a noticeable amount of C,, products (FE > 50%) can form
on Cu(111), so this surface would be chemically active for CO-
to-C,, conversion as well. Today, the inferior C,, selectivity
on Cu(111) was caused by slow C—C coupling kinetics or by

proceeding with a different mechanistic pathway is unclear
(38, 39).

We worked with copper oxide (CuO) nanosheets as a precursor
because oxygen vacancies can be made on this structure (40).
Oxygen vacancies were shown to be effective for adsorbing *CO
during CO,R that mediates the formation of Cu(100) facets (12,
41). Additionally, such a two-dimensional sheet-like structure can
provide maximum surface to expose desired Cu facets. We syn-
thesized original CuO (termed 0-CuO) nanosheets using a
method described previously (42). The obtained sample then
underwent a nitrogen plasma irradiation at 100 W for 30 min
(Fig. 14). High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images exhibited that the
plasma-treated CuO (termed p-CuO) well inherited the sheet-like
morphology of 0-CuO (Fig. 1 Band Cand SI Appendix, Figs. S1—
S7). The thickness of 0-CuO nanosheets, ~7 nm as determined
by atomic force microscopy (AFM) (Fig. 1D), remained almost
unchanged after plasma treatment (Fig. 1£). Kelvin probe force
microscopy showed that the contact potential difference (CPD)
value of 0-CuO reduced by ~438 mV after plasma irradiation
(Fig. 1 F~H). The lower CPD of p-CuO hints at a smaller work
function, which might be caused by the formation of oxygen
vacancies that modulate the density of states near the Fermi level
(43, 44). The existence of structural defects was characterized by
small angle X-ray scattering (S7 Appendix, Fig. S8), yielding sur-
face fractal (D,) of 2.29 for 0-CuO, which is smaller than that of
2.56 for p-CuO (Fig. 11), suggesting more defects in p-CuO (44).
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Fig. 1. Synthesis and structural characterization of 0-CuO and p-CuO nanosheets. (A) Schematic illustration of the synthesis of p-CuO. (B and C) HAADF-STEM
images of 0-CuO (B) and p-CuO (). (Scale bar, 50 nm.) (D and E) Topography images for 0-CuO (D) and p-CuO (E). (Scale bar, 200 nm.) (F and G) CPD images for
0-CuO (F) and p-CuO (G). (Scale bar, 200 nm.) (H) CPD values obtained from different regions of 0-CuO and p-CuO shown in (F) and (G). Error bars are based on
the SD of three individual measurements. (/) In(/(q)) versus In(q) plots of the catalysts derived from the small angle X-ray scattering data (S/ Appendix, Fig. S8).

(/) O 1 s XPS spectra of 0o-CuO and p-CuO.
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Furthermore, X-ray photoelectron spectroscopy (XPS; Fig. 1)),
electron paramagnetic resonance (EPR; ST Appendix, Fig. §9), and
X-ray absorption spectroscopy (XAS; SI Appendix, Fig. S10) all
confirmed the introduction of abundant oxygen vacancies in
p-CuO.

In Fig. 24, DFT calculations predict that the adsorption energy
of the *CO on p-CuO(001) is greater by 0.34 eV than that on
0-CuO, so that the presence of oxygen vacancies should lead to
superior *CO adsorption, consistent with prior reports (41).
Moreover, although Cu(111) is the most stable facet in polycrys-
talline Cu, our DFT calculations predict that the formation of
Cu(100) is more favored in the presence of *CO (Fig. 2B and
SI Appendix, Fig. S11). This result indicates that *CO intermedi-
ates can engineer the Cu facets, in agreement with recent obser-
vation (12). Taken together, the DFT results suggest that p-CuO
with oxygen vacancies preferentially exposes Cu(100) facets via

*CO modulation during CO,R, whereas the 0-CuO would be
reduced to Cu(111).

To validate experimentally the predictions, the two CuO nano-
sheet dispersions were sprayed onto the gas diffusion layer (GDL)
and then experienced an electrochemical reduction process
(Materials and Methods). XPS analysis of the reduced 0-CuO and
p-CuO (termed 0-Cu and p-Cu hereafter) showed that both sam-
ples were metallic in nature (S Appendix, Fig. S12) without oxi-
dation signals detected. EPR results showed that no oxygen
vacancy can be detected (ST Appendix, Fig. S13). Transmission
electron microscopy (TEM) images of 0-Cu and p-Cu revealed
that the sheet-like morphologies retained after reducing treatment
(Fig. 2 Cand D). The selected-area electron diffractions of o-Cu
and p-Cu showed their single crystalline feature and were consist-
ent with the diffraction patterns from the [111] and [001] zone
axes of 0-Cu and p-Cu with face-centered cubic phase (Znsets in
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Fig. 2. Surface analysis of different catalysts. (A) The adsorption energy of *CO on 0-CuO and p-CuO. (B) Surface energy of Cu(100) and Cu(111) with adsorption
of CO intermediates. (C and D) HRTEM images of o-Cu (C) and p-Cu (D). (Scale bars, 20 nm.) Insets in (C) and (D) are the corresponding SAED patterns. (E and F)
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by the OH™ electroadsorption.

PNAS 2024 Vol.121 No.25 2400546121

. (H) Fitted OH™ adsorption peaks of 0-Cu and p-Cu. (/) The radio of Cu(100), Cu(110), and Cu(111) facets, quantified
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Fig. 2 Cand D), respectively. A high-resolution TEM (HRTEM)
image of the 0-Cu exhibited the atomic arrangement of the atoms
on the (111) planes (Fig. 2F and ST Appendix, Fig. S14), whereas
the p-Cu exposes lattice fringes of 1.81 A, corresponding to (200)
planes of Cu (Fig. 2F and SI Appendix, Fig. S15).

In Fig. 2G, we turn to use surface-sensitive electrochemical tech-
niques to provide further facet information on the oxide-derived
0-Cu and p-Cu. Given the facet-dependent OH™ adsorption feature
(i.e., Cu + OH™ — Cu(OH),4 + ¢) (22), we thus studied the
electrochemical adsorption of OH™ on the two catalysts. Cyclic
voltammetry measurement (Fig. 2G) on 0-Cu showed one prom-
inent peak at ~0.44 versus the reversible hydrogen electrode (RHE;
all potentials are versus RHE hereafter unless noted otherwise),
corresponding to the OH"™ adsorption on Cu(111), whereas the
cyclic voltammetry from p-Cu displayed one prominent peak at
~0.33 V, in agreement with OH" adsorption on Cu(100) facets
(45). Quantification of the percentage of the two facets via

integrating the Cu(OH),4 peaks yielded 96.2% Cu(111) on 0-Cu
and 95.7% Cu(100) on p-Cu (Fig. 2 H and /). Our quantitative
analysis further showed that the formation of Cu(110) facets during
CO,R is very limited, mere 2.0% for 0-Cu and 1.1% for p-Cu.
These results agree well with the surface features probed by the lead
underpotential deposition technique (87 Appendix, Fig. S16). In
addition, X-ray diffraction (XRD) patterns showed that the strong-
est diffractions for 0-Cu and p-Cu were at 43.3° and 50.4°, indi-
cating the preferential exposure of (111) and (100) facets,
respectively (ST Appendix, Fig. S17). These results, together with
structural characterizations above, confirm that 0-Cu is dominated
by (111), while p-Cu mainly exposes (100).

Electrochemical CO,R Performance. We evaluated the CO,R
performance of the o-Cu and p-Cu catalysts at current densities
of 100-700 mA cm™ in 1 M KCI (pH ~ 6.8) in a flow cell
(Materials and Methods). As shown in Fig. 34, the p-Cu catalyst
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Fig. 3. CO,R performance in the flow cell and MEA electrolyzer. (A) FE of C,H, on 0-Cu and p-Cu electrodes versus different applied current densities. (B) Partial
current densities of C,H, on o-Cu and p-Cu electrodes versus different applied potentials. (C) Half-cell PCE of C,H, on 0-Cu and p-Cu electrodes versus different
applied potentials. (D) Stability test of p-Cu electrode at 500 mA cm™. (E) Fitted OH™ adsorption peaks of the spent p-Cu after the stability test. /nsets show
the percentage of different facets. (F) Comparison of C,H, FEs, C,H, partial current densities, and long-term stability for various Cu electrodes reported in the
literature under neutral operating environments. (G) FE of C,H, and full cell potential on p-Cu electrodes versus applied currents. (H) Energy efficiency of C,H,
on p-Cu electrodes versus applied voltages. (/) Stability test of the p-Cu electrode in a 5 cm™ MEA electrolyzer at total current of 800 mA. The anode electrolyte
is 0.1 M KHCOs;. The Inset shows the photograph of the MEA electrolyzer. Error bars are based on the SD of three independent measurements.
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attained higher C,H, FEs than that of 0-Cu at all current densities
examined (87 Appendix, Fig. S18 and Tables S1 and S2). At 500
mA cm™, p-Cu attained a C,H, FE of 72% (C,, FE of 90%),
whereas 0-Cu attained only 40% (C,, FE of 59%) under the
same testing conditions. We achieved a maximum C,H partial
current density of 359 mA cm™ on p-Cu at -1.28 V, which is
1.7-fold higher than on 0-Cu at -1.41 V (Fig. 3B). Additionally,
our optimal flow reactor exhibited a half-cell C,H; PCE (water
oxidation reaction at the anode) of up to 33% (Fig. 3C), greatly
surpassing that obtained on 0-Cu and is among the best values
reported previously (SI Appendix, Fig. S19).

The p-Cu catalyst showed a C,H, FE of ~70% with mere slight
change over 100 h in the flow reactor (Fig. 3D). Surface-sensitive
electrochemical measurements demonstrated that the surface of the
spent p-Cu was still dominated by (100) facet (>90%; Fig. 3E),
consistent with the postmortem TEM and SAED analyses
(81 Appendix, Fig. S20). Fig. 3F compares the performance metrics
of the p-Cu catalyst with those reported previously in terms of C,H,
FE, partial current densities, and operating stability. Our results
obtained on p-Cu represent the best performance documented under
similar testing conditions (S/ Appendix, Table. S3).

In Fig. 3G, we examined the potential of the p-Cu catalyst for
realistic use in a MEA electrolyzer (ST Appendix, Fig. S21) (overall
reaction: 2CO, + 2H,0 — C,H, + 30,), which yielded a maxi-
mum C,H, FE of 64%, and the H, evolution was suppressed to
~17% (SI Appendix, Table S4). At a full-cell voltage of 3.14 V, the
energy efficiency (EE) toward C,H, was determined to be 23.4%
(Fig. 3H). At 800 mA, our MEA electrolyzer assembled by this
catalyst can produce C,H steadily with selectivity of >60% for
at least 70 h (Fig. 37 and SI Appendix, Fig. S22 and Table S5).

Facet-Dependent RDS on Cu Catalysts. Our 0-Cu and p-Cu
catalysts, both of which were derived from CuO nanosheets,
provide an ideal catalyst platform to probe the cause of the
distinct CO,-to-C,H, properties because they can exclude
the effects of morphologies, surface area, and oxidation states.
Seeking to understand the source of facet-dependent performance,
in situ spectroscopic studies and electrokinetic analyses were
conducted. In situ Raman measurements on o-Cu (Fig. 44) and
p-Cu (Fig. 4B) both showed two peaks at ~280 and ~360 cm™
as CO,R proceeds, which were attributed to the Cu-CO rotation
(P1) and Cu-CO stretching (P2) bands, respectively (46). The P2/
P1 ratio was previously reported by Zhan et al. as a valid measure
of the *CO coverage on Cu during CO,R (47). A quantitative
analysis revealed a much higher P2/P1 ratio for p-Cu than that
for 0-Cu (Fig. 4C), indicating greater *CO coverage on the p-
Cu surface. This could be the result of stronger adsorption of
*CO intermediates over p-Cu, as confirmed by the CO stripping
experiments (Fig. 4D).

In situ Raman spectroscopy of o-Cu during CO,R at high-
wavenumber modes showed bias-dependent Raman peaks corre-
sponding to bridge-bound CO (*CO,,iy,) at about ~1,840 cm™!
and atop-bound CO (*CO,p) at ~2,054 cm™ (Fig. 4F) (48). The
more prominent *COl;q,. peaks in Fig. 4E give a strong indication
that o-Cu favors bridge CO rather than atop CO. On p-Cu, we
however found that the bridge CO was overwhelmingly sup-
pressed and the atop-bound CO became dominant as the applied
potential increases (Fig. 4F), implying that Cu(100) are more
favorable sites for *CO,,,, formation.

In Fig. 4G, we measured and compared the reaction order of
CO for C,H, formation (24), yielding reaction orders of first for
0-Cu and second for p-Cu (SI Appendix, Tables S6 and S7). The
results strongly indicated that C—C coupling is the RDS on p-Cu,
whereas on 0-Cu the protonation of *CO with adsorbed H,O to

PNAS 2024 Vol.121 No.25 2400546121

*CHO turns to be possible RDS, consistent with Tafel slopes of
~120 mV dec™ (81 Appendix, Fig. $23 and Tables S8 and S9)-the
first electron transfer being the RDS (49)-obtained on both cat-
alysts. To test whether RDS on o-Cu involves H,O dissociation,
we measured the kinetic isotopic effect (KIE) of H/D, i.e., the
ratio of C,H, formation rates in H,O and D,O (Materials and
Methods), which yielded a KIE value of 1.9 on 0-Cu and of 1.1
on p-Cu (Fig. 4H and SI Appendix, Tables S10 and S11). The
H/D ratio of 1.9 obtained on o-Cu implies that H,O dissociation
occurs in the RDS (15, 50). In contrast, on p-Cu, the RDS should
not involve H,O dissociation owing to its KIE value close to 1.
We further revealed, from in situ differential electrochemical mass
spectroscopy (DEMS), that p-Cu exhibits a notable mass to
charge signal (m/z) for C,H; (C,H,", m/z = 26) at -0.51 V, in
comparison to that at much more negative potential of -1.04 V
on o0-Cu (Fig. 4/ and SI Appendix, Fig. S24). As previously
thought (34, 51), C,H, produced at low overpotentials follows
the Eley-Rideal mechanism with C—C coupling as the RDS.
Under high overpotentials, however, H,O dissociation by H,O
+e — OH" +*H would proceed, causing the protonation of *CO
to be rate-limiting.

Altogether, our entire results reveal a facet-dependent RDS on
Cu that determines the CO,-to-C,H; performances. On
(111)-dominant 0-Cu, the surface coverage of *CO is low and
such key intermediate mostly adopts the bridge-bound configu-
ration, resulting in a reaction pathway with RDS different from
C—C coupling. Our experimental data indicate that the DRS on
o-Cu involves H,O dissociation and the reaction order of CO for
C,H, approaches 1. These infer reasonably that the protonation
of *CO with adsorbed H,O via a proton-coupled electron transfer
(PCET) step to *CHO should be the RDS on 0-Cu, as depicted
in Fig. 5A4. In stark contrast, the (100)-dominant p-Cu possesses
surface sites favorable for *CO,,, adsorption and shows a high
*CO coverage. Over this catalyst, the major impediment to syn-
thesizing C,H, from CO, turns out to be the coupling of two
*CO adsorbates (Fig. 54), which was evidenced by the second
reaction order, KIE and DEMS results shown above. The sufficient
surface coverage of *CO on p-Cu promotes the rate of C—C
coupling, leading to the notable CO,-to-C,H, performance.

To gain further insight into the catalytic mechanisms, we cal-
culated the reaction-free energies of the *CO—-*OCCO and
*CO—*CHO pathways on Cu(100) and Cu(111) facets, respec-
tively (Materials and Methods). The energy diagrams and images
of the initial, transition, and final states are exhibited in Fig. 5 B
and C. On Cu(100), the calculated activation energy barrier for
*CO—*OCCO is much lower than that for *CO—-*CHO, sug-
gesting that the protonation of *CO to *CHO is kinetically pro-
hibited on this facet whereas C—C coupling is favored. The
calculations further predict that, on Cu(111), the energy barrier
for *CO—*CHO lies below for *CO—*OCCO so that the pro-
tonation of *CO becomes kinetically preferred on this close-packed
surface. Additionally, Fig. 5 Band Calso show that *CO—*OCCO
occurs on Cu(100) requires less energy than *CO—*CHO on
Cu(111), which explains the superior CO,-to-C,H, conversion
obtained on (100)-dominant p-Cu, in agreement with other
observations (12, 22, 52, 53).

Discussion

To conclude, we have demonstrated that CuO nanosheets with
and without oxygen vacancies are efficient precursors to generate
Cu catalysts that preferentially expose Cu(100) and Cu(111) facets,
respectively, under reducing conditions. We found that the RDS
in CO,R is the C—C bond formation on Cu(100)-dominant Cu
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Fig. 4. In situ spectroscopic investigations and electrokinetic measurements. (A and B) In situ Raman spectra measured at 250 to 400 cm™' on o-Cu (A) and
p-Cu (B) at different reaction times under an applied potential of =1 V versus RHE. (C) Comparison of P2/P1 peak area ratio of o-Cu and p-Cu. (D) CO-stripping
measurements on o-Cu and p-Cu. Sweep rate: 20 mV s™'. (E and F) In situ Raman spectra on o-Cu (E) and p-Cu (F) as a function of applied potentials. (G) The
logarithms of partial current densities for C,H, formation versus logarithms of p.. (H) KIE of H/D in CO,R to C,H, performance. (/) Mass signals of C,H, product
(m/z = 26) on 0-Cu and p-Cu as a function of applied potentials. Error bars are based on the SD of three independent measurements.

catalyst; whereas on Cu(111)-dominant Cu, the protonation of
*CO with adsorbed H,O becomes rate-limiting, thus leading to
considerably different CO,-to-C,H; properties. Given the impor-
tance of elucidating reaction mechanisms on future catalyst devel-
opment, our findings should offer insight into designing Cu-based
catalysts for more selective C,H, production via CO, electrore-
duction driven by renewable energy.

Materials and Methods

Synthesis of 0-CuO Nanosheets. All chemicals were used as received with
no further purification required. Cupric chloride dihydrate (CuCl,-2H,0) and
sodium hydroxide (NaOH) were purchased from Aladdin. First, 0.51 g CuCl,-2H,0
was dissolved in 30 mL deionized water. Then, 30 mL of 3 M NaOH solution
was added drop by drop to the CuCl, aqueous solution. The resulting mixture was

https://doi.org/10.1073/pnas.2400546121

magnetically stirred for 30 min. The mixed solution was transferred into a 100 mL
Teflon-lined stainless steel autoclave and heated at 100 °Cfor 10 h. After cooling
to room temperature, the black sediment was collected by centrifugation. It was
rinsed with DIW and ethanol and then dried at 60 °C for 3 h.

Synthesis of p-CuO Nanosheets. Briefly, 20 mg of dried 0-CuO powder was
spread evenly on an extended quartz boat (4 x 20 cm?), which then was sub-
jected to the N, plasma treatment in the chamber of the radio frequency-plasma
enhanced chemical vapor deposition (RF-PECVD) systems under a pressure of
0.02 Torr. The radio frequency-plasma discharge was conducted at 100 W and
13.56 MHz for 30 min at room temperature. The dinitrogen (N,, 99.999%) was
purchased from Nanjing Special Gas Factory Co., Ltd. p-CuO samples were syn-
thesized by changing the power and time of N, plasma process, which were
denoted as at 50 W for 30 min: 50 W-30 min p-Cu0; at 100 W for 15 min p-CuO:
100 W-15 min p-CuO; at 100 W for 30 min: 100 W-30 min (p-CuO, optimum

pnas.org
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C0,-to-C,H, performance); at 100 W for 60 min: 100 W-60 min p-Cu0; at 200
W for 30 min: 200 W-30 min p-CuO. (S/ Appendix, Figs. S25 and S26).

Preparation of o-Cu/p-Cu Electrodes. Ten milligram 0-CuO/p-CuO powder, 2
mL absolute ethyl alcohol, and 50 L Nafion were mixed to form a catalyst ink
by ultrasonic dispersion for at least 60 min. The obtained ink was then sprayed
onto the YLS-30T gas-diffusion layer (GDL) with an area of 3 x 3 cm” evenly. The
electrodes were dried in a vacuum oven at room temperature for 2 h.The 0-Cu and
p-Cu electrodes were obtained by electrochemical reduction under 20 mA cm ™
current density for 10 min in a flow cell using the as-prepared catalysis. For the
preparation of p-Cu electrodes, the CO, flow was kept constant at 50 mL min™"
controlled by a mass flow controller.

Material Characterizations. The as-synthesized catalysts were characterized
by multiple analytic techniques. The morphology of the samples was determined
by TEM [JEOL 2010F(s)]. The atomic-resolution HRTEM images, SAED, atomic-
resolution HAADF images, and EDS elemental mapping were taken on a JEMARM
200F atomic-resolution analytical microscope withanacceleration voltage of 200 kV.
XPS data were taken on ESCALab-MKII X-ray photoelectron spectrometer, Mg Kot
radiation as the exciting source (hv = 1,253.6 eV). ESR spectra were taken on
the JEOL JES-FA200 electron spin resonance spectrometer (298 K, 9.062 GHz).

PNAS 2024 Vol.121 No.25 2400546121

SAXS experiments were taken on Anton Paar GmbH SAXSpoint 2.0 Small angle
X-ray scattering System. The KPFM characterizations were taken on Bruker
Dimension Icon atomic force microscope. X-ray diffraction (XRD) patterns were
taken on a Japan Rigaku DMax-yA X-ray diffractometer with Cu Ko radiation
(L =1.54178 A). Cu K-edge XAS spectra were carried out at the TW1B beamline
of Beijing Synchrotron Radiation Facility, China. Raman spectra were taken on the
LabRAM HR Raman Spectrometer with a 633 nm excitation laser. DEMS spectra
were taken on QMG 250 in situ differential electrochemical mass spectrometer.

Electrochemical Measurements. The electrochemical CO,R tests were per-
formed by a CHI 660e electrochemical workstation, which was equipped with a
current amplifier. The prepared gas diffusion electrodes (GDEs) and Ir0,-coated
Ti mesh were used as cathode and anode, respectively. Twenty milliliter catholytes
(1 M KCl) and 20 mL anolytes (1 M KOH) were separated by a cation exchange
membrane (Nafion 117).The CO, flow was kept constant at 50 mLmin~" controlled
by a mass flow controller. In order to obtain accurate data, the gas flow rate at the
outletwas monitored by a digital flowmeter. For the stability test, the electrolytes
are periodically replaced with new 1 M KCl'and 1 M KOH solutions, respectively.
It was to recover the conductivity and ionic concentration of the test system. The
applied potentials were measured against an Ag/AgCl reference electrode in
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saturated KCl and converted to the RHE reference scale with iR correction by the
following equation:

E (vs. RHE)=E (vs. Ag/AgCl)+0.199+(0.059 x pH) — iR,, [1]

where the solution resistance R, was determined by electrochemical impedance
spectroscopy (SI Appendix, Fig. S27).

Inthe MEA test, gaseous CO, passed through a 2.25 x 2.25 cm? gas chamber
at the back side of GDL. The p-Cu evenly sprayed on the anion exchange mem-
brane (sustain X37-50) and 1r0,-coated Ti mesh were used as cathode and anode,
respectively. The anolytes (0.1 M KHCO,) were heated in a water bath at 70 °C. For
the stability tests, the anolytes were periodically replaced with new 0.1 M KHCO,
solutions to recover the conductivity and ionic concentration.

Electrochemical OH™ Adsorption. The electrochemical OH™ adsorption was
carried outin a N,-saturated 1 M KOH electrolyte with a linear sweep voltammetry
method at a sweep rate of 20 mV's™". The potential ranged from —0.4t0 0.7V
versus RHE for the 0-Cu and p-Cu electrodes. The proportion of each surface was
calculated by the OH™ adsorbed charge of each facet area of the fitted peaks on
different catalysts. N, was continuously purged into the electrolyte during the
measurement.

Electrochemical €O Stripping. For the CO stripping experiments, N, saturated
0.5 MNaClO, was used as the electrolyte. CO was then adsorbed onto the working
electrode by continuously flowing high-purity CO into the cell for 15 min, while
holding the potential at 0.1V versus RHE. The gas was subsequently switched to
N, for 30 min to purge traces of CO from the working electrode compartment.
Cyclic voltammetry was thenPen‘ormed by sweeping the potential from 0.2 to
1.1V versus RHEat 20 mV's™".

Reaction Order Measurement. The surface CO coverage can be controlled by
changing the CO partial pressure in the H-type cell (24). In the partial pressure
studies, the different CO partial pressures were achieved by mixing CO and N,
gases at desired ratios using mass flow controllers after calibration. A 20 min
electrolysis was conducted with an applied potential of —1V versus RHE at each
CO partial pressure starting from 1 atm.Then, the reaction products were sampled
and the electrolysis was performed with the subsequent CO partial pressure. Error
bars were based on the SD of three independent measurements.

Kinetic Isotope Effects of H/D. The kinetic isotopic effect (KIE) of H/D over the
catalysts was measured with a similar procedure except for replacing H,0 with
D,0.The electrodes were electrolyzed for 20 min at an applied potential of =1V
versus RHE, and then the reaction products were sampled. Error bars were based
on the SD of three independent measurements.

In Situ Raman Spectroscopy Measurement. A three-electrode Spectro-
electrochemical flow cell was used for in situ Raman scattering spectroscopy
measurements. The GDEs were used as the work electrode, a saturated Ag/AgCl
as the reference electrode, and a graphite rod as the counterelectrode. The anode
and cathode compartments were separated by a Nafion membrane to avoid cross-
contamination. During the tests, CO, gas was passed through the back side of the
GDE.The Raman tests were taken on LabRAM HR Raman Spectrometer equipped
with a 633 nm excitation laser. Signal acquisition time for each spectrum was
about 30s.

In Situ DEMS Measurement. DEMS spectra were taken on QMG 250 in situ
differential electrochemical mass spectrometer. A cold trap cooled with dry
ice is installed between the vacuum chamber and the electrochemical cell to
trap the water vapor during the experiments to avoid potential damage to the
mass spectrometer. The working electrode is an Au film sputtered on a porous
polytetrafluoroethylene (PTFE) membrane. The catalyst ink was directly dropped
into the Au film and then dried at room temperature. The hydrophobic PTFE
membrane permits gas flow while rejecting liquid. A piece of carbon paper
(YLS-30T) and a saturated Ag/AgCl were used as the counterelectrode and
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reference electrode, respectively. The anode and cathode compartments were
separated by a Nafion membrane to avoid cross-contamination. Background
signals of the DEMS were collected by prerunning for 20 min. Then, the pre-
pared electrodes performed the LSV cycle in the potential range of 0 to —1.2V
versus RHE ata scan rate of T mVs™".

Density Functional Theory Calculations. The plane-wave code Vienna ab ini-
tio simulation package (VASP) program (54) was employed to perform all the
spin-polarized DFT calculations within the generalized gradient approximation
(GGA) using the Perdew-Burke-Emzerhof (PBE) formulation (55) with dispersion
correction based on the DFT-D3 scheme. The projected augmented wave (PAW)
potentials (56) were chosen to describe the ionic cores and take valence electrons
into account using a plane wave basis set with a kinetic energy cutoff of 500 eV.
Partial occupancies of the Kohn—Sham orbitals were allowed using the Gaussian
smearing method and a width of 0.02 eV. The electronic energy was considered self-
consistent when the energy change was smaller than 107 eV’

The Cu(100), Cu(111), and Cu0(001) surface model slab was separated by a
15 A vacuum layer in the z direction between the slab and its periodic images.
During structural optimizations of the surface models, a 3 x 3 x 1 gamma-point
centered k-point grid for the Brillouin zone was used. All the atomic layers were
allowed to fully relax.

To study the *CO—*0CCO and *CO—*CHO reaction pathways, its energy
barriers were determined by using the climbing image nudged elastic band
method. The Gibbs free energy is calculated by:

G=H—TAS = Ep + Eppe — TS, (2]

where Eyg is the total energy from the DFT calculation. E;p is the zero-point
energy, Sis the entropy and Tis the temperature. The vibrational analysis, limited
to the surface adsorbates and keeping the rest of the system fixed, was carried
out for zero-point energy and entropy corrections by calculating a Hessian matrix
with a finite difference approach with a step size of 0.02 A.

The adsorption energy (E,q) of an adsorbate A was defined as:

Eads = Eads/surf - Esurf - Eadsl [3]

where E,gu Equs and E,q; are the energy of the adsorbates adsorbed on
the surface slab, the energy of surface slab, and the energy of adsorbates
respectively.

The surface energy (Eq,,c.) Was used as defined below:

Esurface — (Etotal - anAref - Eads)l [4]

where Ey, is the total energy of this surface from DFT calculations; E, is the
reference energy of unit composition from bulk calculation; E, is the sum of the
adsorption energies of the intermediates at given coverages; Ais the surface area;
and n is the number of unit composition in this surface. Given this definition, the
more positive the surface energy is for a surface, the less stable this surface is.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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