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A B S T R A C T

Introducing amagnetic-field gradient into an electrically driven chemical reaction is expected to give rise to intriguing
research possibilities. In this work, we elaborate on the modes and mechanisms of electrocatalytic activity (from the
perspective of alignment of magnetic moments) and selectivity (at the molecular level) for the CO2 reduction reaction
in response to external magnetic fields. We establish a positive correlation between magnetic field strengths and
apparent current densities. This correlation can be rationalized by the formation of longer-range ordering of magnetic
moments and the resulting decrease in the scattering of conduction electrons and charge-transfer resistances as thefield
strength increases. Furthermore, aided by the magnetic-field-equipped operando infrared spectroscopy, we find that
applied magnetic fields are capable of weakening the C–O bond strength of the key intermediate *COOH and elon-
gating the C–O bond length, thereby increasing the faradaic efficiency for the electroreduction of CO2 to CO.
1. Introduction

The coupling of electric and magnetic fields to catalytic reactions is
expected to offer intriguing new possibilities, as Maxwell's equations
inform us that these two varying fields can induce each other [1,2]. From
this perspective, the application of magnetic fields can have unexpected
outcomes for electrochemical processes [3–5]. Due to the paramagnetic
property of O2 and its widespread use in energy and environmental
technologies, electrocatalytic O2 redox reactions in response to external
magnetic fields, particularly for O2 evolution reaction (OER), are under
intense investigation [6–8]. Garc�es-Pineda et al. observed increases in
current density for the OER occurring on highly magnetic Fe–Ni oxides
when a magnetic field was applied. They attributed this magnetic
enhancement to the spin alignment of oxygen atoms induced by the
external field [9]. Subsequently, Xu's group explained how applied
magnetic fields increased electrocatalytic activities toward the OER from
two aspects: first, spin-polarized electron exchange between a ferro-
magnetic catalyst CoFe2O4 and adsorbed O species was found to be
facilitated after the application of a magnetic field to CoFe2O4 [10];
second, magnetization gave rise to the disappearance of domain walls
and therefore to the OER activity enhancement [11].
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CO2 is another intriguing molecule that is central to a significant part of
the carbon cycle and sustainable development [12–21]. Unlike O2, CO2 is
diamagnetic, so conclusions drawn from electrocatalytic reactions
involving O2 coupled with external magnetic fields cannot be applied to
their CO2 counterparts, which deserve further investigation. To date, there
have been very few studies of the electrocatalytic CO2 reduction reaction
(eCO2RR) under external magnetic fields [22]. Among the limited existing
research, Pan et al. pointed out that a magnetic field could increase the
number of singlet radical pairs, thus enhancing the activity of a Sn catalyst
for the two-electron reduction of CO2 to formic acid in the magnetic field
[23]. The proposed mechanism by Pan was further updated and expanded
by Player et al. with the radical pair spin dynamics simulation method
[24]. Additionally, Bhargava et al. found that the overpotential for the
eCO2RR toward CO using a Ni–Fe bimetallic catalyst decreased in a
magnetic field on account of the magnetohydrodynamic effect [25]. It
should be noted that the mechanistic explanations of the influence of
magnetic fields on the eCO2RR performance enhancement are still primi-
tive and ambiguous, requiring further clarification.

Intuitively, we consider that the origin of the effect of external
magnetic fields on current density (reflecting electrocatalytic activity)
lies in the magnetic catalysts themselves in response to the external fields
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(microscopically, the collective effect of the ensemble of electron spins on
different metal centers of the magnetic catalysts), whereas the influence
of magnetic fields on faradaic efficiency (characterizing electrocatalytic
selectivity) needs to be interpreted at the molecular level. To our
knowledge, the study of electrocatalytic selectivity in response to
external magnetic fields remains unexplored. It is essential to establish
the underlying mechanisms at a molecular scale because reactive species
involved in numerous electrochemical processes (such as eCO2RR) are
molecules that are associated with electrocatalytic selectivity. On the
other hand, magnetic fields provided by regular field sources make mo-
lecular structural changes too subtle to be easily detectable, thereby
contributing to the heightened complexity of the study.

For these reasons, we now design a magnetic-field-equipped operando
infrared spectroscopic device and determine magnetic responses of the
eCO2RR driven by the coupling of electric and magnetic fields in this
work. Our observations reveal that the application of external magnetic
fields at small electric potentials leads to current densities comparable to
those achieved at larger potentials in the absence of magnetic fields.
Building upon electrochemical impedance spectroscopy (EIS) evidence
obtained within a magnetic-field gradient, we can attribute the phe-
nomenon, referred to as “magnetic gain”, to the parallel alignment of
individual magnetic moments within a Ni-containing carbonaceous
magnet (Ni-CM) upon the application of an external field. Therefore, it is
imperative that Ni-CM exhibits responsiveness to the magnetic field and
possess a certain level of activity for the eCO2RR. Furthermore, experi-
mental observations on the magnetic dependence of electrocatalytic
selectivity reveal an increase in faradaic efficiency in an appliedmagnetic
field, along with the magnetic-field-induced change in molecular
bonding detected by the high-sensitivity operando attenuated total
reflection surface-enhanced infrared absorption spectroscopy (ATR-SEI-
RAS). Combined with the density functional theory (DFT) calculations,
we can rationalize and explain these trends from amolecular perspective,
particularly noting the weakening of the C–O bond strength of the key
intermediate *COOH when exposed to a magnetic field.

2. Experimental section

2.1. Synthesis methods

First, 0.45 g of Zn(NO3)2⋅6H2O was dissolved in 3 mL of deionized
water (SolutionA), and 5.5 g of 2-methylimidazolewas dissolved in 20mL
of deionized water (Solution B). Subsequently, Solutions A and B were
mixed and stirred for 6 h at room temperature. Then, the resultingmixture
was centrifuged twice (each time, 5 min and 5,000 rpm), and dried at
80 �C for 12 h to obtain Sample C. Upon completion, 0.5 g of Sample C and
0.5 g ofNi (NO3)2⋅6H2Owere added to 10mLof an ethanol–watermixture
in a volumetric ratio of 1:1 and stirred for 4 h at room temperature. The
resulting solid samplewas obtainedafter drying at 80 �C for 12h.Next, the
solid sample was transferred to a tube furnace and heated at 900 �C for 2 h
at a ramp rate of 2 �C/min under flowing N2. After cooling down to room
temperature, the black powder was immersed in a dilute HCl solution
(1M) for 2 h at 60 �Cand then rinsedwith deionizedwater until thefiltrate
reached pH neutrality. Finally, the product was dried in an oven at 80 �C
for 4 h, denoted Ni-CM. For comparison, a control sample (referred to as
CM) was prepared using the same procedure as for Ni-CM, except that
Ni(NO3)2⋅6H2O was not included.
2.2. Characterization techniques

Magnetic hysteresis loops were obtained using a Lake Shore 7404
vibrating sample magnetometer (VSM). Surface elemental analysis was
conducted using a Thermo Scientific K-Alpha X-ray photoelectron spec-
trometer (XPS), equipped with Al Kα X-ray (energy ¼ 1,486.6 eV). All
binding energies were referenced to the C 1s binding energy of 284.8 eV. X-
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ray absorption spectroscopy (XAS) measurements at the Ni K-edge were
conducted at the 4B9A beamline station of the Beijing Synchrotron Radi-
ation Facility (BSRF), China. Ni foil and nickel phthalocyanine (NiPc) were
used as references.Operando ATR-SEIRAS data were recorded on a Thermo
Scientific Nicolet iS20 Fourier transform infrared (FTIR) spectrometer
equipped with a mercury-cadmium-telluride (MCT) detector. The attenu-
ated total reflectance-surface enhanced functionality was achieved on a
Pike VEEMAX III variable angle specular reflection accessory.

2.3. Electrochemical measurements in external magnetic fields

A catalyst ink was prepared by dispersing 10 mg of Ni-CM in a
mixture of 20 μL of 5 wt% Nafion™ solution and 480 μL of N,N-dime-
thylformamide (DMF), followed by sonication for 1 h. A working elec-
trode was processed by pipetting 80 μL of the catalyst ink onto a
hydrophobic carbon paper and air-drying, with a catalyst loading of
0.8 mg/cm2. An H-type cell separated by a Nafion™ 115 membrane was
used as the electrolytic cell for the eCO2RR. Ag/AgCl and platinum foil
were employed as the reference and counter electrodes, respectively. The
electrolyte used was an aqueous solution of KHCO3 (0.5 M). Unless
otherwise stated, all potentials were given with reference to the revers-
ible hydrogen electrode (RHE) scale using the conversion formula:
ERHE ¼ EAg/AgCl þ 0.205V þ 0.059pH (at 25 �C).

External magnetic field sources stem from different numbers of per-
manent magnets, providing different magnetic strengths of 70, 120, 220
and 320 mT (millitesla) for electrochemical reactions, which were
measured by a magnetometer. In the absence or presence of an external
magnetic field, chronoamperometric measurements were conducted at
selected potentials in 0.5 M KHCO3 saturated with CO2, while linear
sweep voltammograms were recorded at 5 mV/s in a potential range of
0 to �1.1 V in CO2 or N2 saturated 0.5 M KHCO3. Additionally, EIS
measurements were performed over a frequency range from 105 to
10�2 Hz at a potential of �0.7 V in the CO2-saturated 0.5 M KHCO3.

Both quantitative and qualitative analyses of reaction products were
conducted using an Agilent 7890B online gas chromatography (GC),
equipped with flame ion detectors (FID) and thermal conductivity de-
tectors (TCD). Faradaic efficiency (FE) values were calculated using the
following expression:

FE¼ n� V � v� F � P
I � R� T

� 100%

where F represents the faraday constant (96,485 C/mol), I is the current
at a specific electric potential (A), n is the number of transferred electrons
(which is 2 for CO2 and H2), P is the standard pressure (1.013 � 105 Pa),
R is the gas constant [8.314 J/(mol⋅K)], T is the absolute temperature
(298.15 K), V is the volume fraction of the product calculated from GC,
and v is the gas flow rate (10 mL/min).

2.4. Design of a magnetic-field-equipped operando infrared spectroscopic
device

A specialized testing device has been designed in this work tomeet the
requirement for operando infrared spectroscopy measurements in an
external magnetic field. Based on the optical path of the FTIR spectrom-
eter, the configurations of electrodes and gas passages are exhibited in
Fig. 1a. The electrolytic cell chamber is designed with a concave shape,
aiming to allow permanent magnets to be as close as possible to the
working electrode (at a distance of 5 mm), ensuring a sufficient magnetic
field strength at the working electrode (measured to be 320 mT). It is
worth noting that the electrolyte solution is contained inside of the elec-
trolytic cell chamber, while the exterior holds the permanent magnets.

To create a working electrode for the operando ATR-SEIRAS mea-
surements, a film of nanoparticulate Au was coated on a Si crystal by the
radio frequency (RF) magnetron sputtering method, and then the catalyst



Fig. 1. Photographic images of the magnetic-field-equipped operando ATR-SEIRAS device and the magnetic property of Ni-CM. (a) Top view of the electrolytic cell
chamber showing the configuration of electrodes and gas passages. (b) Operando ATR-SEIRAS measurement in the absence of external magnetic field. (c) Operando
ATR-SEIRAS measurement in an applied magnetic field provided by a permanent magnet. (d) A magnetic hysteresis loop of Ni-CM. The inset enlarges the region of a
near-zero field.
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ink was uniformly spray-painted onto the Au film. After air drying, the
working electrode was set up at the bottom of the concave electrolytic
cell chamber that was installed in the ATR-SEIRAS device (Fig. 1a). The
counter and reference electrodes, along with the electrolyte solution,
were the same as those used in the H-type cell.

The electric potential applied during the operando ATR-SEIRAS
analysis was set at �0.7 V. Fig. 1b shows the situation when a perma-
nent magnet is placed in the concavity of the cell, while Fig. 1c depicts
the situation when an external magnetic field is absent.

Thus, this well-designed device enables the execution of operando
ATR-SEIRAS measurements both with and without the application of
magnetic fields.
2.5. Computational details

DFT calculations were conducted by the Vienna Ab initio Simulation
Package (VASP, version 6.1.0) [26–29]. Projector augmented wave
(PAW) pseudopotentials were employed to reflect core and valence
electrons. The Perdew–Burke–Ernzerhof (PBE) functional and general-
ized gradient approximation (GGA) were adopted to describe the ex-
change correlation between electrons. A 4 � 4 supercell was constructed
to represent the Ni(111) surface, with a five-layer slab model utilized. To
avoid interactions between adjacent layers, a vacuum layer with a
thickness of 25 Å was applied along the z axis to the slab. A cutoff energy
of 500 eV for the plane-wave basis set was adopted. The Brillouin-zone
integration was undertaken with a 4 � 4 � 1 Monkhorst–Pack k-point
grid. The convergence criteria for force and energy were set to 0.02 eV/Å
and 10�5 eV, respectively. The free energies of species in the eCO2RR
were calculated by the following equation:

G ¼ ETotal þ EZPE – TS

where ETotal is the total energy of a species gained from the DFT calcu-
lations, EZPE is zero-point energy, S is entropy, and T is the absolute
temperature.
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The electroreduction of CO2 to CO involves multi-step proton-elec-
tron transfers, which can be simplified to the following procedures:

CO2 þ Hþ þ e– þ * → *COOH

*COOH þ Hþ þ e– → *CO þ H2O

*CO → CO

where * is the active site.
Note that because the VASP software cannot directly stimulate the

effect of external magnetic fields, electric fields have been substituted for
magneticfields instead as the externalfields in this work. The substitution
is reasonable because “electric and magnetic forces are part of one phys-
ical phenomenon—the electromagnetic interactions of particles. The
separation of this interaction into electric and magnetic parts depends
very much on the reference frame chosen for the description” [30]. A
recent paper published by Gao et al. was also treated in this manner [31].
We thus model a magnetic-field gradient by using different strengths of
electric fields. Specifically, we set the electric field strengths to 0, 0.1, 0.3
and0.4V/Å to simulate nofield,weakfield,mediumfield and strongfield,
respectively.
3. Results and discussion

3.1. Magnetization curves for the nickel-bearing ferromagnetic
electrocatalyst

It is known that Ni(0) exhibits the ferromagnetic behavior at room
temperature, which can be characterized by magnetic hysteresis loops
[32,33]. As displayed in Fig. 1d, Ni-CM can easily be magnetized and
demagnetized. As the applied magnetic field increases, the magneti-
zation (i.e., magnetic moment) of Ni-CM rises to a steady limiting
value dramatically (2.1 emu/g), known as saturation magnetization,
and retraces its original path when the applied field decreases, with a
remanence of 0.24 emu/g and a coercivity of 26.8 Oe (Fig. 1d). The
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situations under the reverse field (opposite direction) remain the
same. The extremely narrow (but nonzero) hysteresis loop, alongside
the readily reversible magnetization, demonstrates that Ni-CM is a
soft ferromagnet [34]. This immediate response to applied magnetic
fields enables Ni-CM to act as the sensitive electrocatalyst in oscil-
lating magnetic fields, which is described in more detail below.
3.2. Magnetic dependence of current density

The impacts of applied magnetic fields on the electrochemical re-
action rates (expressed in terms of apparent current density that is a
summation of catalytic, charging, and other possible components of
current flows) are first examined using a chronoamperometric
approach. As shown in Fig. 2a, the apparent current densities of Ni-
CM in the eCO2RR process are highly sensitive to the periodic varia-
tions in the oscillating magnetic fields. The apparent current densities
increase abruptly to the flat plateaus when the magnetic fields are
applied, and it is found that the higher the magnetic field strengths,
the greater the current density increments. Once the magnetic fields
are removed, the apparent current densities immediately return to
their original values, which can be attributed to the soft ferromag-
netism of Ni(0) in Ni-CM. The chronoamperometric responses to the
on-off switches of applied magnetic fields demonstrate that it is the
external magnetic fields that change the apparent current densities for
the eCO2RR. By comparing the apparent current densities of Ni-CM at
different magnetic field strengths and electric potentials (Fig. 2a), it
Fig. 2. Current densities for the eCO2RR in response to applied magnetic fields. (a) R
on-off switches of applied magnetic fields with varied strengths. (b) Dependence of m
strengths. (c) Dependence of varying percentages of magnetocurrent densities of Ni-C
voltammogram of Ni-CM with and without an external magnetic field of 320 mT in t
magnetic fields with different strengths (320, 220, 120, 70 and 0 mT) at an electri
best–fit curves for the equivalent circuit, as shown in the inset. (f) A schematic illust
different magnetic field strengths.
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follows that the external magnetic fields enable the ferromagnetic
electrocatalyst to obtain higher current densities at less negative po-
tentials. This implies that less electric energy is required to reach the
same electrochemical reaction rates in the magnetic field, a phe-
nomenon called magnetic gain.

To delve deeply into the chronoamperometric responses to the
oscillating magnetic fields, magnetocurrent densities, which are defined
as the subtraction of current densities in the absence of applied magnetic
fields (j) from those generated in the magnetic fields (jm), i.e., jm–j, can be
obtained from Fig. 2a. At each electric potential, the magnetocurrent
densities of Ni-CM increase as the magnetic field strength is raised
(Fig. 2b and Table S1), displaying a positive correlation between the
magnetocurrent densities and the magnetic field strengths. In addition, a
second parameter, varying percentage of magnetocurrent densities,
expressed by writing jm�j

j � 100%, is found to increase first and then

decrease with increasing applied electric potentials (Fig. 2c). Such a
trend can be rationalized by the presence of the Coulombic repulsion.
Specifically, driving the ferromagnetic electrocatalyst to more negative
potentials leads to a noticeable increase in current densities (i.e., moving
electrons), hence intensifying the accumulation of electrons and resulting
in the strengthening of the Coulombic repulsion between electrons. In
this sense, the incremental changes of magnetocurrent densities with
increasing applied electric potentials are counteracted by a progressive
increase in the electrostatic repulsion, causing the varying percentages of
magnetocurrent densities to dwindle as the electric potentials move to-
ward more negative values (Fig. 2c).
esponses of apparent current densities of Ni-CM at different electric potentials to
agnetocurrent densities of Ni-CM at different electric potentials on magnetic field
M with different magnetic field strengths on electric potentials. (d) Linear sweep
he N2- and CO2-saturated electrolytes. (e) Nyquist plots of Ni-CM in the external
c potential of �0.7 V in the CO2-saturated electrolyte and their corresponding
ration of the extent of parallel alignment of individual magnetic moments with



S. Wei et al. Eco-Environment & Health 3 (2024) 247–255
To establish whether the increases in apparent current densities at
applied magnetic fields have contributions from the eCO2RR, we carried
out voltammetric experiments with and without CO2. Fig. 2d shows the
linear sweep voltammograms for Ni-CM in the N2- and CO2-saturated
solutions using or dispensing with a magnetic field of 320 mT. The rise of
current densities induced by the external magnetic field (i.e., magneto-
current densities) in both N2 and CO2 can easily be observed when the
electric potentials decrease to approximately �0.6 V or lower. The cor-
responding values of magnetocurrent densities at different electric po-
tentials are indicated on either side of the voltammograms in Fig. 2d. The
magnetocurrent densities in N2 are expected to emerge from the growth
of charging currents in the applied magnetic fields, which can be vali-
dated by an impedance method that is described below. At the same
electric potentials, the magnetocurrent densities in CO2 are consistently
higher than in N2, which is a consequence of the fact that the eCO2RR
does take place in the former case. In other words, the eCO2RR indeed
responds to external magnetic fields.

To differentiate between the magnetocurrent contribution of eCO2RR
and its competitor–hydrogen evolution reaction (HER), we compared the
partial current densities for CO and H2 production with and without the
magnetic field. As shown in Fig. S1, the partial current density for CO
productionmarkedly increases by 1.44 mA/cm2 upon the application of a
320 mT magnetic field; by comparison, the partial current density for the
H2 production increases by only 0.36mA/cm2 under the same conditions.
Comparisons of the partial current densities of CO andH2 productionwith
and without the magnetic field reveal that the magnetic field effectively
enhances both eCO2RR and HER. However, it exhibits a notably stronger
effect in increasing the CO partial current density, attributed to the
effectiveness of Ni-CM as a magnetic catalyst for eCO2RR, which effec-
tively inhibits HER. Interestingly, the Ni-free material CM undergoes the
magnetically induced fluctuations in current density upon the application
of the external magnetic field (Fig. S2), indicating that the capability of
magnetic fields for increasing current densities can seem universal in the
sense that magnetocurrent densities are composed of electrocatalytic,
charging or other types of contributions.

So why can external magnetic fields influence current densities? We
hypothesize that a gradual variation of charge-transfer resistance is
modulated by changes in magnetic field strengths. The electrocatalytic
reduction of CO2 is accompanied by charge transfer. Whether and how an
external magnetic field impacts charge transfer was investigated using
the EIS approach. Generally, the EIS experiments are undertaken at an
open circuit, but in this study, they were performed at a working po-
tential of the catalyst (�0.7 V) instead. This is because no current flows at
an open circuit (i.e., no moving charges), and the applied magnetic field
cannot affect static charges. Fig. 2e shows the Nyquist plots of Ni-CM at
different magnetic field strengths (0 → 320 mT) and their corresponding
best–fit curves for the equivalent circuit (as depicted in the inset to
Fig. 2e). Each Nyquist plot takes on three semicircles, which are
sequentially denoted I, II and III from high to low frequencies. Notably,
Semicircle I at the higher frequencies enters the negative part of the real
axis, which is very rare in conventional operations at open circuits. This
observation can be explained on the grounds that the eCO2RR is occur-
ring at this applied electric potential. Kubannek et al. reported that a
dead time (Δt) between the formation and detection of a reaction product
led to an increase in phase shift (Δφ) with frequency (f), which could be
described by the expression Δφ ¼ Δt ⋅ f. They pointed out that the
negative real component of impedance would appear at increasing f
when Δφ > π/2 [35]. Thus, the rising f results in increasing Δφ in situ-
ations where Δt is not zero (because the eCO2RR happens), and the
Nyquist plot finally reaches the negative real part after Δφ exceeds the
critical point (π/2). Moreover, according to the equivalent circuit,
Semicircle II is attributed to a parallel combination of catalyst-layer
resistance (Rcl) and catalyst-layer capacitance (Ccl), whereas Semicircle
III stems from a parallel circuit of charge-transfer resistance (Rct) and
double-layer capacitance (Cdl) [36]. It is noteworthy that Semicircle III
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shows a significant difference in diameter at varying magnetic field
strengths compared to the other two semicircles, signifying that charge
transfer and electrical double layer are strongly influenced by external
magnetic fields. As shown in Table S2, Cdl increases in the presence of
applied magnetic fields, which is consistent with the discussion of the
charging component in magnetocurrent densities described earlier, while
Rct decreases as the magnetic field strength increases, which can be
rationalized in terms of the existence of magnetic domains. In the mag-
netic domain of a ferromagnet, electron spins on individual magnetic
centers are coupled into a parallel alignment. As illustrated in Fig. 2f,
increasing field strength leads to further alignment of different domains
and therefore longer-range ordering of magnetic moments, capable of
reducing the scattering of conduction electrons and hence Rct [37]. As a
result, the decreasing Rct leads to the increasing current density at fixed
potentials as the magnetic field strength rises.

Furthermore, it is found that Rct continues to decrease rapidly but
then reaches a plateau as the magnetic field strength increases from
320 mT through 500 mT to 1,000 mT, as shown in Fig. S3. This trend can
be explained by considering the correlation between the alignment of
magnetic moments and the magnetic field strength. As exhibited in the
magnetic hysteresis loop of Ni-CM (Fig. 1d), when the magnetic field
strength reaches 500 mT (equivalent to 5,000 Oe), saturation magneti-
zation occurs, indicating that the alignment of magnetic moments rea-
ches a maximum at 500 mT and that the long-range ordering of magnetic
moments is also at the maximum. Because the increase in long-range
ordering of magnetic moments can give rise to the decrease in the scat-
tering of conduction electrons, Rct rapidly reaches the minimum as the
magnetic field strength increases from 0 mT to 500 mT and then remains
almost unchanged beyond 500 mT. In this sense, the EIS data are fully
consistent with the magnetic hysteresis property, demonstrating that our
approach to investigate the influence of magnetic field on electrocatalytic
activity from the perspective of the alignment of magnetic moments is
scientifically sound.

Additionally, the eCO2RR shows good stability for an extended period
of time upon application of an external magnetic field (Fig. S4), exhib-
iting the long-term stability of the current response for the eCO2RR
embedded in the magnetic field.

3.3. Chemical states of Ni-CM

As described above, given that the influence of magnetic fields on the
eCO2RR activity (as measured by current density) is to a large extent
exerted through the magnetic response of Ni-CM, it is pertinent to delve
into the chemical states of this soft ferromagnetic electrocatalyst. The
XPS survey spectrum of Ni-CM provides meaningful information on its
surface elemental composition, containing various quantities of ele-
ments, including C, N, O and Ni (Fig. S5). As presented in Fig. 3a, the
high-resolution XPS spectra of Ni 2p3/2 and 2p1/2 from Ni-CM can each
be deconvoluted into two peaks, which are assigned to Ni(0) and Ni(II)
[38], indicating the presence of these two oxidation states on the surface
nickel. Subsequently, we conducted the XAS analysis to investigate the
chemical state of the overall nickel. Fig. 3b showcases the Ni K-edge
X-ray absorption near-edge structure (XANES) spectra of Ni-CM along
with two reference materials Ni foil and NiPc, representing Ni(0) and
Ni(II), respectively. Since a higher oxidation state causes an absorption
edge to shift toward a higher energy, it follows that edge position, which
is defined as energy at the half-height of a recorded edge curve, serves as
a descriptor for estimating the oxidation state [39,40]. As exhibited in
the inset to Fig. 3b, the edge position of Ni-CM lies between those of Ni
foil and NiPc (more precisely, much closer to that of Ni foil), signifying
that the oxidation state of Ni-CM falls between Ni(0) and Ni(II), with the
majority of Ni being in the Ni(0) state. Furthermore, the first derivatives
of XANES spectra provide another useful guide as to the relative sizes of
the oxidation states [40,41]. Fig. 3c shows the differentiation of ab-
sorption with respect to energy for the Ni K-edge XANES spectra of Ni-CM



Fig. 3. Chemical states of the ferromagnetic electrocatalyst. (a) High-resolution
XPS spectra of Ni 2p3/2 and 2p1/2 of Ni-CM. (b) Ni K-edge XANES spectra of Ni-
CM, Ni foil and NiPc. The inset displays a magnified view of the edge positions
of the three samples. (c) First derivatives of the Ni K-edge XANES spectra from
(b). The enlarged inset shows the low-energy peak positions marked by dashed
vertical lines. (d) K-space EXAFS spectra of Ni-CM, Ni foil and NiPc. (e) Fourier-
transformed R-space EXAFS spectra of Ni-CM, Ni foil and NiPc. (f) Wavelet
transformation of the Ni K-edge EXAFS spectra of Ni-CM, portraying the scat-
tering contributions from the Ni(0)–Ni(0) and Ni(II)–N/O bonds in the two-
dimensional (lower) and three-dimensional (upper) representations.
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alongside the two reference materials. It is obvious from the dashed
vertical lines (marking the peak positions in the low-energy region) that
the main oxidation state of Ni-CM is Ni(0), as presented in the inset of
Fig. 3c. In addition to XANES, another region of XAS spectra frequently
used for probing bonding information is extended X-ray absorption fine
structure (EXAFS). The k-space EXAFS spectra of Ni-CM, Ni foil and NiPc
present excellent signal-to-noise ratios (Fig. 3d), indicating high-quality
data [40]. The Fourier transformation of k-space data gives rise to the
corresponding real-space (R-space) EXAFS spectra. Fig. 3e displays the Ni
K-edge Fourier-transformed R-space EXAFS spectra of the three samples.
It is observed that the main peaks of the reference materials Ni foil (at
2.18 Å) and NiPc (at 1.47 Å) can be attributed to the scattering paths of
the Ni(0)–Ni(0) and Ni(II)–N/O bonds, respectively [42,43]. The two
neighboring elements N and O involved in the symbol Ni(II)–N/O can be
rationalized on the basis that there is almost no clear distinction between
metal�N and metal�O bonds from the EXAFS spectra [39,40]. For
Ni-CM, its main peak at 2.18 Å is the same as for Ni foil, showing that
Ni-CM is believed to contain a very high extent of the Ni(0)–Ni(0) bond,
which is consistent with the XANES data as described earlier. It is worth
noting that the minor peaks from both Ni-CM and Ni foil appear at
1.47 Å, where the main peak of NiPc is observed, indicating that Ni-CM
has small quantities of the Ni(II)–N/O bond (the reason why the EXAFS
spectrum of Ni foil also shows this minor peak is due to the fact that a
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passivation layer of nickel oxide is naturally formed on its surface). To
provide a vivid portrayal of the relative proportions of the Ni(0)–Ni(0)
and Ni(II)–N/O bonds in Ni-CM, we carried out the wavelet trans-
formation of its EXAFS spectrum, which often yields a two-dimensional
visualization of the spectrum under investigation by a combination of
k-space and R-space [39]. The lower diagram in Fig. 3f displays the Ni
K-edge wavelet-transformed EXAFS spectrum of Ni-CM, with the contour
level representing the intensity. In the upper diagram, a
three-dimensional representation allows for a quick assessment of the
relative intensities of different bonding types. It is evident that the in-
tensity of the Ni(0)–Ni(0) bond is significantly higher than that of Ni(II)–
N/O, indicating that nickel is largely present as nanoparticulate Ni(0) in
Ni-CM. This finding is consistent with the XRD result, which suggests that
nickel in Ni-CM mostly exists as the form of an elemental metal (Fig. S6).

Consequently, it is those chemical states that engender the magnetic
dependence of current density: because the overwhelming majority of
nickel in Ni-CM is Ni(0), the soft ferromagnetism arising from Ni(0)
enables this magnetic catalyst to respond rapidly to the oscillating
magnetic fields; furthermore, the degree of ordering of magnetic mo-
ments in Ni-CM increases as the magnetic field strength is raised, leading
to the reduction of conduction-electron scattering and charge-transfer
resistance.

3.4. Magnetic dependence of faradaic efficiency

How does an applied magnetic field affect the faradaic efficiency of
eCO2RR? To answer this question, we measured the faradaic efficiencies
for the eCO2RR toward CO (abbreviated FEco) catalyzed by Ni-CM with
and without the presence of a magnetic field. To ensure the reliability of
data, the FEco values were collected and calculated using a method
involving multicycle on-off switches of the magnetic field (noting that
one cycle refers to a half–hour reaction without any external magnetic
field and another half–hour reaction in the presence of a magnetic field of
320 mT). Fig. 4a presents the fluctuations in FEco at different electric
potentials after the application (marked with stars) and removal (marked
with dots) of the magnetic field for five switching cycles, with the cor-
responding values being summarized in Table S3. It can be observed that
the variation in FEco at each electric potential follows the same trend,
namely an increase in FEco after the application of the magnetic field to
Ni-CM, followed by a decrease after the removal of the applied field. The
cyclic behavior of the magnetic responses of FEco is consistent across
data sets: the increments and decrements are nearly identical between
each cycle, showing the repeatability, reversibility and stability of FEco
upon application of themagnetic field and also providing strong evidence
that the magnetic field can indeed enhance FEco.

To understand how an external magnetic field raises FEco and
determine the mechanism at the molecular level, we monitored the
progress of eCO2RR occurring at the surface of Ni-CM under magnetic
and nonmagnetic conditions, by employing the magnetic-field-equipped
operando ATR-SEIRAS technique (Fig. 4b). The operando ATR-SEIRAS
spectra reveal the C–O stretching vibration of the key intermediate
*COOH in terms of eCO2RR (Fig. 4c) [44], regardless of the presence of
an applied magnetic field. Upon magnification of the C–O region in
selected spectra, it can be observed from Fig. 4d that after the application
of the magnetic field of 320 mT, the stretching vibration band of C–O,
originally at 1,235 cm�1, shifts to a lower wavenumber (1,223 cm�1), i.e.,
red shift. This shift suggests that the external magnetic field weakens the
C–O bond strength and elongates the C–O bond length. This subtle
change facilitates the dissociation of the C–O bond, thereby promoting
the generation of CO and increasing FEco.

To further investigate the underlying mechanism of the impact of
applied magnetic field on faradaic efficiency, we simulated the thermo-
dynamic processes of eCO2RR with different external field strengths by
the DFT method. As mentioned above, the reaction intermediate *COOH
has been identified by the operando ATR-SEIRAS spectra. The formation
of *COOH is the potential-determining step for the eCO2RR toward CO,



Fig. 4. Response of FEco to external magnetic fields. (a) Variations of FEco of Ni-CM with 5-cycle on-off switches of the magnetic field (320 mT) at different electric
potentials. The FEco values obtained in the magnetic field are indicated by ★, whereas those without any magnetic field are marked by �. (b) A schematic repre-
sentation of the magnetic-field-equipped operando ATR-SEIRAS device. (c) Operando ATR-SEIRAS spectra of Ni-CM that is being acted as a working catalyst for the
eCO2RR in the presence and absence of the magnetic field (320 mT). Spectra were scanned three times for each situation. The C–O stretching vibration bands of the
key intermediate *COOH are highlighted. (d) A magnified view of the operando ATR-SEIRAS spectra from c in the range between 1160 and 1300 cm�1. (e) Gibbs
energy profiles of eCO2RR toward CO on Ni with different external field strengths. The energy barriers of the elementary steps are indicated. (f) Variations in Bader
charges of Ni and *COOH in response to external fields with different strengths. The Bader charge distribution between Ni and *COOH in the strong field is shown. (g)
Changes of chemical structures of *COOH on Ni with different external field strengths. The C–O1 bond lengths are marked.
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because it has the highest free energy barrier, as exhibited in Fig. 4e.
Lowering the energy barrier of the potential-determining step makes the
reaction more energetically favorable [45]. Additionally, it is observed
from Fig. 4e that compared to the absence of an external field, the
application of the field can effectively reduce the free energy barriers for
*COOH, with a gradually increasing reduction in the height of the energy
barrier as the external field strength is raised, thereby facilitating the
occurrence of the CO2-to-CO reaction.

From the experiment, the operando ATR-SEIRAS spectra have
demonstrated that *COOH does indeed undergo a subtle change in
structure when exposed to an external magnetic field, suggesting a close
relationship between the variation in the energy barrier for the potential-
determining step and the external field strength with the alteration in the
chemical structure of *COOH. To prove this, we probed the correlation of
charge distribution and molecular structure with external field strength.
Fig. 4f shows the dependence of the Bader charge distributions between
*COOH and Ni on the external field strengths. As the field strength in-
creases, the partial charge is shifted from Ni to *COOH, resulting in a
decrease in the charge density around Ni and an attendant increase in the
charge density on the *COOH species. In other words, the external field
modulates the charge distribution on the key intermediate. The variation
in the charge distribution, in turn, leads to a change in the molecular
structure. As presented in Fig. 4g, the length of the C–O bond (labeled as
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C–O1) in *COOH increases under the influence of the external field,
which is consistent with the phenomenon observed in the operando ATR-
SEIRAS measurements. Furthermore, it can be shown that the greater the
external field strength, the longer the C–O bond length. In short, the
elongation of the C–O bond induced by the external field implies a
weakening of the chemical bonding, giving rise to a decrease in the en-
ergy required for the bond breaking.

4. Conclusions

We have systematically and thoroughly explored the kinetics, ener-
getics and mechanisms of the eCO2RR in response to the magnetic-field
gradient. The significance of this work can now be summarized as
follows:

1) The applied magnetic fields have been shown to be able to enlarge
both catalytic and charging currents (the stronger the magnetic field
strength, the greater the current density increment). Furthermore, it has
been demonstrated that strengthening magnetic fields gives rise to the
longer-range ordering of magnetic moments, thereby decreasing the
scattering of conduction electrons and charge-transfer resistances.

2) Through the action of the magnetic-field gradient, the intriguing
phenomenon known as magnetic gain has been identified: the same level
of current density obtained at a large electric potential can be achieved
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by applying an external magnetic field at a small potential, resulting in a
significant reduction in energy consumption. In addition, the property of
soft ferromagnetism allows for the instantaneous current responses to the
on-off (oscillating) switches of external magnetic fields.

3) The well-designed magnetic-field-equipped operando ATR-SEIRAS
device has successfully captured the subtle changes in molecular struc-
tures upon the application of magnetic fields. This addresses the chal-
lenge of the acquisition of barely perceptible molecular structural
changes in response to applied magnetic fields, enabling the elucidation
of the underlying mechanism by which the magnetic fields affect the
catalytic selectivity at the molecular level.

4) The external magnetic fields have proven capable of modulating
charge distributions between active sites and reaction species, therefore
leading to a minor perturbation of the molecular structure of the key in-
termediate *COOH. This slight change in turn influences the energy barrier
of the potential-determining step for the eCO2RR, rendering the reaction
energetically favorable and thus promoting an increase in the FEco.

As a consequence, the methods and results presented in this work give
us fresh perspectives on the eCO2RR research and deep mechanistic in-
sights into the underlying mechanism of how external magnetic fields
influence electrocatalytic reactions. This yields a blueprint for investi-
gating and elucidating some of the most interesting and unusual exam-
ples of molecular structures and bonding in magnetic fields.
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