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ABSTRACT: We report an electrochemical CO2 reduction
reaction catalyzed by a paramagnetic and conductive CuO/Cu
interface with spins polarized by a moderate external magnetic field
(MF) of ∼800 gauss, achieving a ∼30% increase in CO2-to-C2+
Faradaic efficiency (FE) compared to that in the absence of the MF
in a flow cell electrolyzer. At a current density of 400 mA/cm2, the
CO2-to-C2+ FE reached 86.7 ± 2.7% with 47.9 ± 1.4% cathodic
energy efficiency (EE) in contrast to the CO2-to-C2+ FE of 67.6%
with 36.4% of EE in the absence of MF. Notably, ethanol
production exhibits a much higher response to the MF (∼55.6%
increase in FE) than ethylene (∼6.4% increase in FE) at 400 mA/
cm2. In situ surface-enhanced Raman spectroscopy (SERS)
captured magnetic-field-enhanced *CO coverage and ethanol-
forming C2 intermediates on CuO/Cu, providing direct spectroscopic evidence of spin-modulated pathway selection. Computational
study suggests that the enhancement of ethanol selectivity is due to the reduced reaction kinetic barrier under MF, while the
ethylene selectivity is less affected, mainly due to the insensitivity of the kinetic barriers under MF.

■ INTRODUCTION
The economic challenge of electrosynthesis of organic
molecules via electrochemical CO2 reduction reaction
(CO2RR) is mainly due to the electrical energy cost. The
input electrical energy for CO2RR is regulated by the potential
difference between the cathode and anode. Besides lowering
the voltage for reduced electrical power consumption, it is also
crucial to direct the electric charge toward selective conversion
of high-value products for better economic viability. Organic
products containing high-energy chemical bonds, such as C−H
and C−C or C�C bonds (C2+ products), generally have high
economic values. At present, studies on improving the
selectivity of producing C2+ compounds by CO2RR have
been focused on developing new electrocatalysts, electrolytes
(e.g., ionic liquid) and operating parameters (e.g., pressure and
temperature).1−8 Given the electron-transfer nature of CO2RR
and the quantum mechanical wave nature of electrons, the
effect of magnetic field (MF), which can influence the
electronic orbitals and spin magnetic moments through
unpaired electrons9,10 in CO2RR intermediates, has rarely
been exploited.11−13 The electron transfer from catalysts to
receptors (e.g., CO2, H+, and intermediates) should depend on
the orbital and/or spin symmetry at the receptor−catalysts
interface. Therefore, MF could potentially modulate such
interaction in controlling the reaction path, hence the current

density toward one or more specific product conversion over
others in CO2RR. Previous studies on magnetic-field-assisted
CO2RR have reported enhancements of C1 products under
high current density,14,15 while C2+ products were only
modestly promoted under low current density conditions.12

For instance, enhancement in C1 products such as CO by
magnetic-field-assisted CO2RR was reported.14 Another study
observed modest promotion of C2+ products under low current
density (∼5 mA/cm2) in H-cell setups.12 However, achieving
selective C2+ production under high current density mean-
ingful for industrial applications remains a major challenge.
Here, we demonstrate that an external magnetic field can
markedly enhance C2+ formation under high current density up
to 200 mA/cm2. This effect arises from imparting a net spin to
the CuO/Cu electrocatalyst, which acts as a “gripper” for the
magnetic field to modulate the spin entropy-related exchange−
correlation energy between the electrocatalysts and the
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adsorbed C2 intermediates,
15 thereby altering the selectivity of

CO2RR.
Bulk copper metal is diamagnetic because the unpaired

electrons (4s1) form a sea of delocalized (itinerant) free
conducting electrons (metallic bond) throughout the entire
copper metal, losing their unpaired nature. In contrast, CuO is
paramagnetic ascribed to the [Ar]3d94s0 electron configuration
of the Cu2+ species in CuO, thus creating a relatively localized
spin in its d orbitals. CuO is a p-type semiconductor with its
conductivity originated from the electrons hopping through
the Cu−O bonds (equivalent to hole transport along the
opposite direction).16 As discussed below, when polarized by
an external MF, the magnetic moment of the localized d spins
in Cu2+ is preferentially aligned along the field, which further
affects the bond formation and cleavage of the C2
intermediates on the CuO surface. We show that MF
preferentially promotes the C−Cu bond cleavage of the C2
intermediate on the CuO containing 3d spin, a key step toward
enhanced ethanol formation. In contrast, the formation of
ethylene through the HO−C bond cleavage in the same C2
intermediate does not involve direct interaction with the 3d
spins in CuO. Thus, our experiment demonstrates the MF
effect (MFE) in promoting electrochemical CO2RR toward
ethanol over ethylene catalyzed at a paramagnetic CuO surface.

■ RESULTS AND DISCUSSION
We first coated a 400 nm-thick Cu layer on the surface of a
nanofibril polytetrafluoroethylene (PTFE) film via physical
vapor deposition, followed by an oxygen-plasma treatment to

convert the top Cu layer to CuO. This process creates a
layered CuO/Cu nanofiber structure (Figures 1a and S1a).
Energy-dispersive spectroscopy (EDS) demonstrated that both
Cu and O were overlapped and uniformly distributed on the
surface of the PTFE nanofibers (Figures 1b and S1b−d). High-
resolution transmission electron microscopy (HRTEM)
showed the Cu/CuO interfacial region (Figure 1c). While
crystalline copper was found on the Cu side with a lattice
fringe of 0.21 nm matching well with the d-spacing of the
(111) crystal plane, the oxide region consisted of randomly
aligned CuO nanocrystallites, amorphous CuO nanocrystal-
lites, as well as Cu nanocrystallites. The lattice fringes of 0.16
and 0.25 nm correspond to the (202) and (002) crystal plane
of CuO nanocrystallites, respectively. The lattice fringe of 0.21
nm matches with the (111) crystal plane of Cu nanoparticles.
The powder X-ray diffraction (XRD) pattern (Figure S2)
showed the presence of Cu metal but no crystalline CuO peak.
This could be attributed to the amorphous nature of the CuO
layer on the surface,17 as observed by TEM. The oxidation
state of the catalyst layer was determined by high-resolution X-
ray photoelectron spectroscopy (XPS) at Cu 2p (Figure 1d)
and O 1s transition (Figure S3). The XPS fine spectrum of Cu
2p (Figure 1d) of CuO/Cu depicts Cu 2p3/2 (∼933.6 eV)
and Cu 2p1/2 (∼953.6 eV) with a gap difference of ∼20 eV,
which demonstrates the formation of CuO.18,19 The peaks of
the fitted curve at 932.7 eV (Cu 2p3/2) and 952.6 eV (Cu
2p1/2) can be assigned to the Cu (0) state, and the peaks at
934.3 eV (Cu 2p3/2) and 954.4 eV (Cu 2p1/2) are due to the
Cu (+2) state.17,20−22 Three satellite peaks are observed at
around 941.3 eV, 943.7, and 962.1 eV, which reveal partially

Figure 1. Structural and spectroscopic analyses of CuO/Cu on PTFE. (a) Low-magnification SEM image of CuO/Cu on PTFE. Inset: schematic
cross-section of CuO/Cu on the PTFE nanofiber film. (b) EDX elemental mapping of Cu, O, and their overlap for the CuO/Cu catalyst on PTFE.
(c) HRTEM at the catalyst interface between Cu and CuO. (d) High-resolution Cu 2p spectra of CuO/Cu on PTFE. (e) EPR spectra of PTFE
background and CuO/Cu on PTFE. (f) Magnetization curves of PTFE background and CuO/Cu on PTFE.
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filled d-block (3d9) of the Cu2+ ions and are characteristic to
the CuO electronic structure.23 The O 1s spectrum of CuO/
Cu in Figure S3 is deconvoluted into three peaks of the
binding energy of ∼529.7, 531.3, and 532.1 eV, which can be
attributed to the lattice oxygen (Olattice), oxygen vacancy
(Ovacancy), and the surface-adsorbed oxygen (Oabsorbed),
respectively.24 The paramagnetism of CuO/Cu on PTFE was
confirmed by electron paramagnetic resonance (EPR) spec-
troscopy (Figure 1e). The observed resonance signal around
3293.596 gauss (g = 2.0347) is attributed to the paramagnetic
Cu2+ ion arising from the electron configuration of 3d9 of
CuO,25−27 whereas a signal around 3340.470 gauss (g = 2.006)
is assigned to the O2− ions,28,29 respectively. No paramagnetic
signal is observed for the bare PTFE film, confirming the
absence of unpaired spins. Importantly, EPR directly probes
the Zeeman splitting of localized spins under an external
magnetic field according to ΔE = g μBB, where μB is the Bohr
magneton and B is the applied magnetic field. The resonance
condition therefore reflects the alignment of the Cu2+ magnetic
moments with the external magnetic field. The appearance and
field-dependent position of the resonance peak provide direct
spectroscopic evidence that localized Cu2+ spins are polarized
by the applied magnetic field. To further quantify the magnetic
moment response, magnetization versus magnetic field (M−
H) measurements were performed at 300 K using MPMS
(Figure 1f). The absence of hysteresis reconfirms the
paramagnetic nature of CuO. As the external magnetic field
strengthens, the magnetization of CuO/Cu on the PTFE
sample continuously increases due to the alignment of the
atomic magnetic moments in the sample with the direction of
the external magnetic field. The magnetization saturates at
about 1000 gauss, indicating near-complete polarization of the
paramagnetic spins at room temperature. In contrast, the bare
PTFE film does not exhibit any magnetization. Together, the
EPR (microscopic Zeeman splitting of localized spins) and the
MPMS M−H (macroscopic magnetization evolution) meas-
urements provide complementary and quantitative evidence
that the magnetic moments in CuO are reoriented and
polarized under an external magnetic field. These measure-

ments directly demonstrate magnetic moment modulation
without requiring spatially resolved magnetometry.
We then conducted the CO2RR study over the CuO/Cu

electrode in a 1 M KOH electrolyte solution using a flow cell
(Figures S4 and S5) with the configuration similar to that in a
previous report.30 Zero to three pairs of permanent SmCo
magnets (Figures S6 and 2a) were incrementally applied to the
flow cell to provide the magnetic flux density up to ∼1200
gauss normal to the electrode surface. As shown in Figure 2b,
the FE toward C2+ production (FEC2+) on CuO/Cu rises
under increased magnetic flux density from 50.1 ± 2.7% at
∼400 gauss to 59.2 ± 1.9% at ∼800 gauss and to 60.9 ± 3.5%
at ∼1200 gauss. The close values of FEC2+ at ∼800 gauss and
∼1200 gauss correlate with the magnetization measurements,
where the degree of spin alignment in the CuO/Cu saturates at
around 1000 gauss. To quantify the MFE on FEC2+, we define
the enhancement factor as the ratio of different FEC2+ with and
without the external MF. The dotted purple curve in Figure 2b
shows that the C2+ conversions are enhanced by ∼12.9%,
∼33.6%, and ∼37.4% under external MFs of ∼400 gauss, 800
gauss, and 1200 gauss, respectively.
To further probe the intrinsic electrocatalytic activity

changes under a magnetic field, linear sweep voltammetry
(LSV) was conducted on CuO/Cu and pure Cu electrodes
with and without an external magnetic field of ∼800 gauss
(Figure S7a). The CuO/Cu electrode exhibited a markedly
enhanced cathodic current density under the magnetic field. In
contrast, the diamagnetic Cu electrode showed negligible
response, indicating that the magnetic field predominantly
affects spin-active surfaces such as CuO. Under an Ar
atmosphere, where only the HER occurs, the LSV curves
remain nearly identical with and without the magnetic field for
both CuO/Cu and pure Cu electrodes, indicating that the
magnetic field does not appreciably affect mass transport
(Figure S7b). To verify the relevance of the magnetic field to
CO2RR, CO2 reduction tests were performed on pure
diamagnetic Cu electrodes at 100 mA/cm2 with and without
an external MF of ∼800 gauss. As shown in Figure S8, the
diamagnetic Cu electrodes demonstrated an FEC2+ of 40.0 ±

Figure 2. FE factor comparisons of the CuO/Cu catalyst with/without MF. (a) Scheme of a standard flow cell assembly with MF (∼800 gauss).
(b) FEC2+ on CuO/Cu at 100 mA/cm2 without MF (oblique line bars) and with MFs of ∼400 gauss, 800 gauss, and 1200 gauss (solid bars). The
right coordinate denotes the FE enhancement factor toward C2+ products under different MFs. The error bars stand for one standard deviation of
three independent measurements for FEC2+.
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5.5% in the absence of MF, statistically identical to 40.4 ±
3.2% obtained under ∼800 gauss. The corresponding FEC2+
enhancement is merely ∼1.08%, indicating no effect on the
diamagnetic Cu surface. This comparison clearly indicates that
a spin-polarized paramagnetic surface is relevant to the
promoted FEC2+. In addition, nonfaradaic CV measurements
reveal that the double-layer capacitances (Cdl) of both Cu and
CuO/Cu electrodes remain essentially unchanged in the
presence and absence of the magnetic field, thereby excluding
variations in electrochemically active surface area or interfacial
charge accumulation as the origin of the observed enhance-
ment (Figure S9).
To gain a better understanding of the relationship between

current density and FE under the MFE, we investigated
CO2RR on CuO/Cu over a current density range from 100
mA/cm2, 200 mA/cm2, and 300 mA/cm2 to 400 mA/cm2,
while maintaining the MF at ∼800 gauss (Figure 3a). As
shown in Figure 3b, the FEC2+ on CuO/Cu under the MF is
consistently higher than that in the absence of the MF and
increases with current density from 100 mA/cm2 to 400 mA/
cm2. Meanwhile, the FE for hydrogen production (FEH2) is
significantly suppressed under the MF across all current
densities, decreasing to 27.8 ± 1.4%, 14.3 ± 1.5%, 7.1 ± 0.4%,
and 8.1 ± 0.8% at 100 mA/cm2, 200 mA/cm2, 300 mA/cm2,
and 400 mA/cm2, respectively. These values are substantially
lower than those obtained without the MF.
To further evaluate the impact of the MFE on C2+ product

distribution, we analyzed the FEs of the two main products,
ethanol and ethylene with and without an external MF of ∼800
gauss (Figure 3c). As the current density increases, the FE for
ethanol (FEethanol) rises from 10.3 ± 1.4%, 13.4 ± 1.9%, 18.6 ±

1.2%, and 23.0 ± 0.7% in the absence of MF to 17.8 ± 2.1%,
26.1 ± 0.8%, 32.9 ± 0.7%, and 35.8 ± 1.5% with the presence
of MF at current densities of 100 mA/cm2, 200 mA/cm2, 300
mA/cm2, and 400 mA/cm2, respectively. Correspondingly, the
partial current density (j) toward ethanol (jethanol) increases
from 10.3 ± 1.4 mA/cm2, 26.8 ± 3.7 mA/cm2, 55.7 ± 3.6 mA/
cm2, and 92.1 ± 2.8 mA/cm2 in the absence of MF to 17.8 ±
2.1 mA/cm2, 52.1 ± 1.5 mA/cm2, 98.7 ± 2.1 mA/cm2, and
143.3 ± 5.8 mA/cm2 in the presence of MF (Figure S10a). In
contrast, the MFE on the partial current density toward
ethylene (jethylene, Figure S10b) is relatively weak. The FE for
ethylene (FEethylene) shows much weaker response to MFE
(Figure 3c). As summarized in Table S1, a clear increase in the
FEethanol to FEethylene (FEethanol/FEethylene) ratio is observed under
the MF, indicating a preferential enhancement of ethanol
selectivity over ethylene during CO2RR. Figure 3d quantifies
the enhancement factors on FE of the CO2RR over CuO/Cu
at various current densities at ∼800 gauss. The specific
enhancement factor for ethanol ranges between 55.6 and
94.5% in the applied current densities from 100 mA/cm2 to
400 mA/cm2, whereas little change occurs in that of ethylene
(4.5−6.8%). Concurrently, H2 formation is suppressed by
−36.2% to −76.3% under the similar conditions. It is clear that
MFE promotes the production of C2+ at the expense of H2
generation, a desirable outcome of CO2RR.
Energy efficiency (EE) is an important indicator to evaluate

the cathodic energy efficiency of CO2RR, assuming that the
corresponding anodic oxygen evolution reaction (OER) is at
the theoretic threshold.31−33 Similar to the trends observed in
FE, the MFE enhances the EE toward ethanol and C2+
products across the investigated current density range. At

Figure 3. FE, EE, and SPCE comparisons of the CuO/Cu catalyst with/without the MF (∼800 gauss). (a) FEs of total products at different current
densities with (solid bars) and without (oblique line bars) the MF. (b) FE comparisons of C2+ products (magenta) and H2 (gray). (c) FEs of
ethanol (orange) and ethylene (aqua) with and without the MF at different current densities. (d) FE enhancement factors toward different CO2RR
products at varying current densities. (e) EE and (f) SPCE toward C2+ (magenta) and ethanol (orange) with and without the MF at different
current densities. All the plots represent mean values and standard error bars from three replicate measurements.
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Figure 4. In situ SERS reveals magnetic-field-dependent CO2RR pathways on CuO/Cu. In situ SERS spectra of CuO/Cu during CO2
electroreduction recorded (a) with and (b) without an external MF. (c) Low-frequency SERS region showing two vibrational modes of Cu−*CO
(P1 and P2). (d) P2/P1 ratio as a measure of surface *CO coverage at different cell potentials with and without MF. (e) Potential-dependent
Cu−*CO vibrational shifts and STR with and without MF. (f) *C�O stretching region of Cu*C�O species with and without MF. (g) Spectra of
key C2+ intermediates on CuO/Cu with and without MF.
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400 mA/cm2, EEethanol and EEC2+ increased by ∼ 7.2% and
∼11.5%, respectively (Figure 3e). Clearly, the majority of the
EEC2+ increment is contributed by ethanol. Remarkably,
through this simple physical method, namely, the MFE, the
EEC2+ on CuO/Cu catalysts is promoted to 47.9 ± 1.4% at 400
mA/cm2 over the 36.4 ± 0.6% at 400 mA/cm2 in the absence
of MFE.
From CO2RR electrolyzer design point of view, high single-

pass carbon efficiency (SPCE) is highly important in reducing
the separation step for the converted product and its associated
energy consumption.3,34,35 By far, high SPCEs reported in the
acidic systems account for the fact that the acids prevent the
carbonate formation and its crossover in bulk electrolytes.3,34,35

Though the SPCEs in alkaline systems were relatively low,36,37

a strong basic electrolyte using KOH can bring higher
selectivity and EE for C2+ production.

38 Therefore, enhancing
SPCE via the MFE is of significant interest. The CuO/Cu
catalyst exhibits improved SPCE toward ethanol under MFE
(Figure 3f), which also contributes to an overall increase in
SPCE for C2+ products across the current density range from
100 mA/cm2 to 400 mA/cm2. For instance, ∼0.13% and
∼0.2% improvement in SPCE was found, respectively, toward
ethanol and overall C2+ chemicals, respectively, at 400 mA/cm2

in the presence of the MF of ∼800 gauss over that in the
absence of MF. Apparently, 65% of the total SPCE increase for
C2+ products is contributed to the enhanced single-pass
efficiency of ethanol.
Furthermore, Figure S11 visualizes four key important

indicators (i.e., FE, j, EE, and SPCE) toward C2+ (the magenta
homocentric square) and ethanol (the orange homocentric
square) production on CuO/Cu catalysts with/without an
external MF of ∼800 gauss at 400 mA/cm2. A systematic
improvement in FEC2+, jC2+, EEC2+, and SPCEC2+ is clearly
observed under the MF. Ethanol represents the largest
contributor to the increase of these four indicators. Under
the MF, the CuO/Cu catalyst achieves an FEC2+ of 86.7 ±
2.7% at 400 mA/cm2, representing a significant advancement
compared to previously reported eCO2RR performance on
Cu2−xO catalysts (Table S2). The MFE simultaneous
produced favorable FEC2+ in comparison with other chemical
methods.
Furthermore, to elucidate how the external MF modulates

the CO2RR pathway, we performed in situ surface-enhanced
Raman spectroscopy (SERS) on the CuO/Cu catalyst under
reaction conditions with and without MF (Figure 4a,b). At
open-circuit potential (OCP), both spectra exhibit prominent
CuO lattice bands (Species 1 = νCu−O, 297 cm−1; δCu−O−
Cu, 343 cm−1; δO−Cu−O, 607 cm−1; and 2νCu−O, 1180
cm−1) from the oxidized copper surface.39 Reducing cathodic
potential slightly from −0.2 to −0.4 V, characteristic bands of a
carboxylate intermediate (*CO2

−), formed via electron transfer
from Cu to adsorbed CO2, appear at 358 cm−1, 704 cm−1,
1334 cm−1, and 1550 cm−1 in both spectra, assigned to the
νCu−C, in-plane δCO2

−, and symmetric and asymmetric O−
C−O stretching of the *CO2

− adsorbate, respectively (Species
2).40,41 Simultaneously, a νsCO3

2− band near 1070 cm−1

(Species 3) and a broad C−H stretching envelope at 2900
cm−1 (Species 4) appear as cell potential reached −0.4 V.
Upon reaching −0.4 V, the intensities of two vibrational modes
at ∼452 cm−1 (Species 5) and 493 cm−1 (Species 6) grow with
cathodic potentials, reaching a maximum around −0.8 V to
−1.0 V. They are attributed to Cu−OH and Cu−C vibrations,
respectively.42

As the cathodic potential grew more negative (≤−0.5 V),
two low-frequency features appear at 283 cm−1 and 334 cm−1−
371 cm−1 (Species 7) over the catalyst in the presence and
absence of the MF (Figure 4c). The lower-frequency peak
corresponds to the frustrated rotation of adsorbed *CO
(commonly known as P1), and the higher-frequency peak
corresponds to the Cu−*CO stretch (commonly known as
P2), as were observed in the previous studies on Cu surfaces.43

As cathodic potential increases, P2 blue-shifted to higher
wavenumber, reflecting the vibrational Stark effect under
growing electric field, whereas P1 barely shifted. According to
prior study,43 the intensity ratio of P2/P1 serves as a proxy for
surface *CO coverage,43 as suggested by previous in situ
Raman studies that higher ratios correlated with *CO-rich on
Cu surfaces.44 With or without the MF, this ratio rises with the
cathodic potential, indicating an increase in *CO coverage
(Figure 4d). Interestingly, the P2/P1 ratio rises more rapidly
above −0.9 V under the MF than that without MF. This
divergence signals that the MF promotes *CO accumulation
on the CuO/Cu surface, consistent with the enhanced C2+
product yield. Our observation therefore revealed that the
*CO coverage is enriched by MF at the catalyst surface, a key
intermediate for enhanced C−C coupling. Furthermore, the
Stark effect of the Cu−*CO was evaluated over the potential
range from −0.5 to −1.2 V and found a stronger shift under
MF (∼29.5 cm−1 V−1) than that without (∼23.5 cm−1 V−1)
(Figure 4e). Higher Stark tuning rate (STR) implies an
enhanced Cu−*CO bond dipole alignment under MF bond
polarization, possibly through spin polarization at the CuO/Cu
interface.
The *C�O stretch of Cu−*CO falls within 1800 cm−1−

2100 cm−1 (Figure 4f). At −0.5 V without a MF, two bands
near 2090 cm−1 and 1950 cm−1 were assigned to weakly atop
bound *C�O and strongly bridge bound *C�O on Cu,
respectively.45 As the cell potential becomes more cathodic,
the weak 2090 cm−1 feature vanishes at −0.9 V, while the
∼1950 cm−1 band remains. At a very negative potential of ≤
−1.0 V, this band splits into two bands (1995 cm−1 and 1855
cm−1), reflecting highly back-bonded bridge *C�O on low-
coordination sites. Under a MF, the corresponding vibrational
bands behave differently. The bandwidth of the higher
frequency band (2086 cm−1) appeared at −0.5 V becomes
broader, whereas the lower frequency band red-shifts
substantially from 1953 cm−1 to 1829 cm−1 as the cell
potential reaches −1.2 V. Such pronounced softening of the
*C�O stretch is a direct sign of enhanced π back-bonding
from Cu into CO antibonding orbitals. In other words, the
field increases the electron density on Cu available for back-
bonding, which lengthens/weaker the *C�O bond. This
interpretation is consistent with the idea that atop *CO
generally appears in the ∼2000 cm−1−2100 cm−1 range and
bridge *CO in ∼1800−1900 cm−1; under field, both shift
downward, emphasizing a higher degree of back-bonding. The
magnetic field thus drives *C�O into more strongly bound,
lower-frequency states that favor C−C coupling over
desorption.
As the *CO coverage increases from −0.4 V to −1.2 V, new

bands emerge in the 1200 cm−1−1600 cm−1 region (Figure
4g). At 1370 cm−1, we observed the signature peak of a
protonated *CO dimer (*OCCO) intermediate (Species 8).46
Meanwhile, four new peaks at 1215 cm−1 (Species 9a), 1317
cm−1 (Species 9b), 1443 cm−1 (Species 9c), and 1587 cm−1

(Species 9d) appear at more cathodic potentials, matching that
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of known vibrational fingerprints of an ethanol-forming
intermediate CHxCHO* (where x = 2 or 3, νCCO, νasCCO,
νC−C, νC−O, or νC�C).47 Notably, all four peaks intensify
when MF is on, indicating that the field causes the increase of
the intermediate population of *OCHCHx on CuO/Cu.
Previous experimental and theoretical studies have estab-

lished that the CO2RR involves several key steps,48−60

including CO2 adsorption, deoxygenation, and reduction to
CO, CO coupling, and subsequent hydrogenation via proton-
coupled electron transfer (PCET) of (CO)2 fragment as
illustrated in the first four panels of Figure 5a. Our in situ
Raman measurements reveal a long-lived species of CH2CHO*
(1), which is considered as a possible pivotal intermediate for
both ethanol47 and ethylene formation. Thereafter, the
reaction diverts into two distinct pathways.58−60 In the
ethylene pathway, the O atom in CH2CHO* undergoes
hydrogenation via PCET to form CH2CHOH* (a2), followed
by further hydrogenation at the adjacent C atom (a3).
Subsequent PCET at the O atom leads to C−O bond cleavage
and the release of C2H4 molecule (a4), completing a 12-
electron PCET process. Notably, this pathway does not involve
C−Cu bond cleavage throughout the hydrogenation sequence.
In stark contrast, the ethanol pathway is initiated by C−Cu
bond cleavage (denoted by the green panel in Figure 5a),
accompanied by hydrogenation of the C atom initially bound
to CuO, forming CH3CHO* (b2). The cleavage of the C−Cu
bond results in two unpaired electrons, which align with the
external magnetic field, leading to a stabilization energy of
-μMB for each unpaired electron, where -μM is the magnetic
moment of the electron spin and B is the magnetic flux density.
An alternative understanding is that considering the reverse
reaction, namely, the C−Cu bond formation in the −
CHOCH2−(CuO) fragment, the two spins must have opposite

directions. However, flipping one of the spins inevitably
involves a challenging magnetic entropy change under
magnetic field for this reverse reaction, causing high activation
energy for the reverse reaction. Hence, the subsequent
formation of CH3CHO* (b2) resulting from the hydro-
genation of the C atom adjacent to CuO is promoted by the
magnetic field. Subsequent hydrogenation on the C atom
adjacent to the O atom in CH3CHO* (b2) leads to the
formation of CH3CH2O* (b3). A final hydrogenation on the
O atom of CH3CH2O* (b3) leads to the release of molecular
ethanol (b4), completing this 12 PCET reaction. Although
additional pathways can lead to other minor products such as
acetate and propylene, the two pathways illustrated in Figure
5a govern the formation of the primary products, i.e., ethanol
and ethylene, which are the focus of this study in relation to
the MFE.
To further understand the magnetic effect on the selectivity

of ethanol vs ethylene formation, first-principles density
functional theory (DFT) calculations were performed to
investigate the CO2 reduction mechanism on the CuO (202)
facet (Figure 5b) under an external MF. Based on prior
reports,58−60 CH2CHO* (Figure 5a) is a key intermediate
following C−C coupling in the formation pathways of both
ethylene and ethanol, and it was also identified in our in situ
Raman spectra. Therefore, this species was selected as the
starting point for mechanistic analysis, indicated by Figure 5a.
Both low-spin and high-spin states were considered to
represent the absence and presence of a magnetic field,
respectively. In the low-spin configuration, the Cu magnetic
moments have both spin-up and spin-down contributions,
resulting in a near-zero total magnetic moment, whereas the
high spin state comprises only spin-up magnetic moments on
Cu atoms.

Figure 5. DTF calculations. (a) Schematic of the reaction pathways for ethanol and ethylene formation. (b) CH2CHO adsorption over the CuO
(202) surface. (c) Free energy diagram of CO2RR over CuO forming ethylene (orange) and ethanol (green) with consideration of low (dashed
line) and high (solid line) spin states. Color code: blue�Cu, red�O, brown�C, and white�H.
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As shown in Figure 5c, the free energy profile for the
ethylene pathway indicates that the PCET to the oxygen atom
of CH2CHO* to form CH2CHOH* (a2) is barrierless in both
high- and low-spin states. The subsequent PCET of
CH2CHOH* (a2) to form CH2CH2OH* (a3) exhibits a
kinetic barrier of 1.42 eV (TS3*, Figure S12a) at the low-spin
state, which decreases slightly to 1.39 eV in the high-spin state.
In contrast, for ethanol formation, the PCET of the terminal
carbon of CH2CHO* to form CH3CHO* (b2) shows a kinetic
barrier of 0.70 eV (TS1*, Figure S12b) at the low-spin state,
followed by the PCET of CH3CHO* (b2) with a barrier of
1.78 eV (TS2*, Figure S12c). Under high-spin conditions,
these barriers decrease to 0.56 and 1.65 eV, respectively.
Although the magnetic field has an impact on reaction kinetics,
the reaction thermodynamics are barely changed in all cases.
Overall, comparison of the free energy profiles indicates that
the magnetic field lowers hydrogenation barriers, with the
ethanol pathway showing greater sensitivity; nevertheless, the
ethylene pathway remains more favorable, consistent with the
experimental observations in Figure 3. It is worth highlighting
that the magnetic field promotes the hydrogenation of the
terminal carbon of CH2CHO* to form CH3CHO*, inducing
Cu−Cterminal bond cleavage. Considering implicit solvation and
external potential bias, similar trends still hold (Figure S13).

■ CONCLUSIONS
We demonstrated that a moderate external magnetic field
(∼800 gauss) can alter the spin-dependent reaction pathways
in electrochemical CO2RR on a paramagnetic, conductive
CuO surface by polarizing the spins of the two unpaired
electrons generated during C−Cu bond cleavage in the organic
intermediate, thereby influencing its dissociation kinetics at the
organic−CuO interface. This behavior may also be viewed as
the spin state of the intermediate being perturbed by the
external magnetic field during its evolution. Under the
magnetic field, the CO2-to-C2+ FE increased by ∼30% to
86.7 ± 2.7%, with an EE of 47.9 ± 1.4% at 400 mA/cm2.
Impressively, ethanol formation exhibited a notably higher
magnetic response (∼55.6% increase in FE) than ethylene
(∼6.4%), indicating a shift in selectivity. DFT calculations
suggest that the external magnetic field has a noticeable impact
on the reaction kinetic barriers toward ethanol formation,
while only minor impact on the ethylene formation barriers
was observed. Meanwhile, the reaction thermodynamics
remain largely unchanged. In situ SERS performed during
CO2 electroreduction on the CuO/Cu surface revealed that
the magnetic field enriches surface *CO coverage, strengthens
Cu−CO back-bonding, and increases the steady-state pop-
ulation of ethanol-forming *OCHCHx intermediates, thereby
providing direct spectroscopic evidence for magnetic-field-
modulated reaction pathways. These findings establish a
mechanistic basis for magnetic-field-enhanced electrocatalysis
and highlight a promising strategy for modulating product
selectivity in CO2 electrosynthesis.
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