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ABSTRACT: Electrochemical nitrate reduction (NitRR) using single-
atom catalysts (SACs) offers a promising pathway for sustainable
ammonia production. Herein, we explore the use of external magnetic
fields to regulate the spin state of Ru SACs supported on nitrogen-doped
carbon (Ru−N−C), aiming to optimize their catalytic performance
toward NitRR. Under magnetic field conditions, Ru−N−C exhibits a
remarkable NH3 yield rate of ∼38 mg L−1 h−1 and a Faradaic efficiency
of ∼95% over 200 h. Our spectroscopic and magnetic characterization
demonstrates that the external magnetic field induces a spin transition to
a high-spin state in Ru SACs/N−C. Theoretical analysis further suggests
that the increased spin state of Ru shifts the density of states away from
the Fermi level, weakening the adsorption affinity for *NH2. Economic
analysis hints at cost effectiveness and scalability. Overall, this study
demonstrates that magnetic-field-induced spin modulation effectively optimizes NitRR electrocatalysts.
KEYWORDS: magnetic field, nitrate reduction reaction, ammonia synthesis, spin-state transition, single-atom catalysis

Electrochemical nitrate reduction to ammonia (NitRR) has
emerged as a sustainable method for treating nitrate-rich

wastewater.1−3 Recently, single-atom catalysts (SACs) have
garnered significant attention for their ability to catalyze NitRR
due to their exceptional atom utilization efficiency, atomic-
level structural tunability, and properties that differ substan-
tially from bulk materials.4,5 Among these, ruthenium (Ru)
SACs are particularly notable for their ability to bind and
activate various intermediates during NitRR by undergoing
changes in oxidation states (commonly ranging from +2 to +4,
and even up to +6 or +8).6,7 To optimize their performance,
various strategies for structural modification at single-atom
scale have been proposed.8,9

Despite the progress made in the synthesis methods, several
fundamental challenges associated with NitRR remain
unresolved. First, the NitRR process itself is a complex,
multistep reaction involving the transfer of eight electrons and
nine protons, which intensifies the limitations imposed by
linear scaling relationships.10 Second, certain key steps, such as
the hydrogenation of *NO to *NHO, are spin-forbidden,11
resulting in high kinetic barriers that require spin exchange
between intermediates and the catalyst’s active sites.
Recent advancements have underscored the potential of

external magnetic fields to modulate the spin states of SACs.
For example, the application of a mild magnetic field (∼0.5 T)
significantly enhances spin-selective charge transfer in a nickel
SAC, resulting in a remarkable 2880% increase in oxygen

evolution reaction (OER) magnetocurrent.12 Similarly, a
cobalt SAC shows improved OER activity under an alternating
magnetic field, driven by spin polarization flips and magnetic
heating at the active sites.13 Additionally, performance
enhancement of weakly ferromagnetic iron SACs in the
oxygen reduction reaction (ORR) under an external magnetic
field has also been demonstrated.14,15 Although significant
progress has been made in applying magnetic fields to
modulate SACs for O2-related reactions, their impact on
NitRR, which involves far more electron and proton transfers
compared with the OER and ORR, remains largely unexplored.
Herein, for the first time, we propose an effective strategy to

apply an external magnetic field to induce spin state regulation
of Ru−N−C for NitRR. By using advanced characterization
techniques, we prove that the magnetic-field-induced spin
transition to a high spin state can optimize the nitrate
adsorption. Moreover, our theoretical analysis further reveals
that increasing the spin state of Ru shifts the density of states
away from the Fermi level. Benefiting from these merits, the
Ru−N−C electrocatalyst in the presence of external magnetic
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field demonstrates a remarkable NH3 yield rate of ∼38 mg L−1

h−1 and a Faradaic efficiency (FE) of ∼95% for over 200 h,
outperforming that in the absence of external magnetic field.
First, we performed large-scale data mining from the

available experimental literature related to magnetic-field-
enhanced electrocatalysis, as summarized in Figure 1. It can
be clearly seen that, according to the past decade’s reports, the
magnetic field can change the spin states of active sites and
then tune the performance (Figure 1a). For various types of
catalysts, with the aid of external magnetic field, the half-wave
potential of ORR has been increased (Figure 1b), the Faradaic
efficiency of electrochemical CO2 reduction reaction (CO2RR)
and nitrite reduction reaction (NO2−RR) has been improved
(Figure 1c), and the overpotential of water splitting reaction
has also been deceased (Figure 1d). A detailed summary of
these studies on magnetic-field-enhanced electrocatalysis can
be found in Tables S1−S3. Based on these findings, we
hypothesize that the application of an external magnetic field
holds great promise for improving the electrocatalytic
performance of materials that contain magnetic properties,
especially for those with transition metals as active sites (e.g.,
SACs).
We synthesized Ru-based catalysts Ru SACs/N−C and Ru

NPs/N−C via a one-step pyrolysis of ruthenium chloride,
dicyandiamide, and trimesic acid at 900 °C under argon
(Figure 2a). Inductively coupled plasma−optical emission
spectroscopy (ICP-OES) analysis reveals the Ru loadings in
obtained Ru SACs/N−C and Ru NPs/N−C catalysts are 0.18
and 0.56 wt %, respectively. Figure S1a presents a TEM image
of the synthesized Ru NPs/N−C, clearly showcasing the
nanoparticles dispersed within the N−C substrate. In contrast,
the nanoparticles are absent in the TEM image of Ru SACs/
N−C.16,17 Additionally, HAADF-STEM offers compelling
evidence for the exclusive presence of Ru SACs dispersed
within Ru SACs/N−C (Figure 2b). Further confirmation is

provided by elemental mapping (Figure 2c), which verifies the
presence of well-dispersed C, N, and Ru elements.18 To
determine the structures more accurately, we performed
electron energy loss spectroscopy (EELS) analysis (Figure S2
and the corresponding discussions in the Supporting
Information).
XRD patterns of Ru SACs/N−C and Ru NPs/N−C exhibit

only two broad diffraction peaks, situated at roughly 26° and
44°. These peaks correspond to (002) and (100) planes of
graphitic carbon, respectively (Figure 2d).19 The absence of
distinct peaks supports the formation of single-atom metal sites
in Ru SACs/N−C, corroborating the HAADF-STEM find-
ings.20 At room temperature, no discrete single-line EPR
spectrum characteristic of free radicals was detected. Instead,
Ru SACs/N−C exhibits a stronger, broad EPR spectrum with
a g value of 2.002 (Figure 2e). Previous studies have elucidated
that distortions within the pz orbitals of nitrogen atoms can
extend partially into the dxy orbitals, potentially reconfiguring
electron localization.21 Consequently, it is hypothesized that
interactions between Ru central atoms and N ligands in Ru
SACs/N−C may lead to unique spatial arrangement structures
and distinct spin states, resulting in exceptional magnetic
characteristics. It is well established that interactions between
an unpaired electron and its local environment can significantly
affect the shape of the EPR signal peak. In comparison to Ru
SACs/N−C, Ru NPs/N−C exhibits a marked attenuation in
EPR spectrum, indicating a reduction in the number of
unpaired electrons.22

Subsequently, the oxidation states of Ru SACs/N−C and Ru
NPs/N−C were analyzed by using X-ray photoelectron
spectroscopy (XPS). The high-resolution Ru 3p3/2 spectrum
of Ru NPs/N−C exhibits distinct peaks at 460.68, 464.08,
482.68, and 488.88 eV (Figure 2f), indicating the coexistence
of Ru0 and Ru3+ states. Conversely, the relatively low Ru
loading in Ru SACs/N−C results in very weak signals in the

Figure 1. (a) Data mining on the magnetic-field-enhanced electrocatalysis, including (b) the number of closely related literature and improved
performance for ORR, (c) the CO2RR and NO2−RR, and (d) the water splitting reactions. All literature data and the corresponding references were
extracted via large-scale data mining from the experimental literature published during the past decade, which are also available in the public Digital
Catalysis Platform (DigCat) database: https://www.digcat.org/.
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high-resolution Ru 3p spectrum.23,24 The carbon species in
both Ru SACs/N−C and Ru NPs/N−C can be categorized
into three types (Figure S3 and the corresponding
discussions). The high-resolution O 1s XPS spectra further
demonstrate the presence of absorbed O2 (530.7 eV), C=O
(532.2 eV), and C−OH/C−O−OH groups (533.6 eV; Figure
S4). Additionally, the N 1s XPS spectra of both Ru SACs/N−
C and Ru NPs/N−C reveal the existence of four nitrogen
types (Figure S5). Overall, Ru SACs/N−C demonstrates a
distinct local electronic structure of Ru compared with Ru
NPs/N−C.
X-ray absorption near-edge structure (XANES) and

extended X-ray absorption fine structure (EXAFS) analyses
were performed to gain a comprehensive understanding of the
electronic structure and local coordination environment of the
Ru SACs/N−C catalyst. Figure 2h presents the Ru K-edge
XANES spectra for Ru SACs/N−C, with RuO2, Ru
phthalocyanine (Pc), and Ru foil as reference materials. The
Ru K-edge XANES spectrum of Ru SACs/N−C shows an
absorption edge situated between those of Ru metal foil and
RuO2, indicating that the oxidation state of the single-atom Ru
in the catalyst is between Ru0 and Ru4+.25 To further elucidate
the Ru coordination environment, we performed EXAFS fitting
to determine the structural parameters. The fitting results
indicate that each Ru atom is coordinated by an average of four

nitrogen ligands. Based on these findings, the proposed
coordination structure of Ru SACs/N−C is Ru−N4, as
illustrated in Figure 2i and the corresponding discussions in
the Supporting Information.
To investigate the effect of magnetic fields on the

electrochemical performance, we placed a three-electrode
system in a magnetic field. Twenty neodymium magnets,
each 3 cm × 2 cm × 0.5 cm, were positioned next to the
working electrode in a custom H-shaped glass cell, ensuring
constant field strength during tests (Figure 3a). The NitRR
activities of the prepared catalysts were first tested in a two-
compartment H-type electrolytic cell containing 0.1 M K2SO4
and 0.0025 M KNO3 solutions using linear sweep voltammetry
(LSV). All potentials were calibrated according to the
reversible hydrogen electrode (RHE) scale. A comparison of
the polarization curves with and without KNO3 confirms the
occurrence of NitRR (blue and red lines in Figure 3b).10 In the
presence of magnetic field, Ru SACs/N−C exhibits the most
significant polarization curve response among all the tested
catalysts, suggesting it may possess superior catalytic perform-
ance toward NitRR. Subsequent chronoamperometric tests
show that Ru SACs/N−C exhibits an increased ammonia yield
after the application of magnetic field (Figure 3c), particularly
in the range from −0.6 to −0.8 V vs RHE. It can be observed
in Figure 3d that Ru NPs/N−C shows a low catalytic

Figure 2. (a) Schematic representation of the synthetic process of Ru SACs/N−C and Ru NPs/N−C catalysts. (b) HAADF-STEM image of Ru
SACs/N−C. (c) Elemental mapping of Ru SACs/N−C. (d) XRD patterns of Ru NPs/N−C and Ru SACs/N−C. (e) EPR spectra of Ru NPs/N−
C and Ru SACs/N−C. (f) The high-resolution Ru 3p spectra of Ru NPs/N−C and Ru SACs/N−C. (g) The high-resolution N 1s spectra of Ru
SACs/N−C. (h) Normalized Ru K-edge XANES curves. (i) EXAFS R-space fitting curve.
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selectivity toward ammonia synthesis, with FE values less than
30% at all tested potentials, no matter in the magnetic
environment or not. In contrast, Ru SACs/N−C exhibits
significantly higher FEs in the presence of a magnetic
environment, with the maximum FE reaching 98.61% at
−0.6 V vs RHE. A plausible explanation is that the magnetic
field tends to regulate the spin states of SACs and reduce the
kinetic barriers of spin-related processes in catalytic reactions,
thus enhancing the catalysts’ activity and selectivity.26,27

The M-H curves of Ru SACs/N−C and Ru NPs/N−C are
displayed in Figure S7a. Furthermore, we measured the
magnetization intensity as a function of temperature (Figure
S7b and the corresponding discussions in the Supporting
Information). Combined with the EPR results, this observation
suggests the spin states of Ru SACs/N−C undergo changes
under the influence of a magnetic field. Compared to other
recently reported catalysts, Ru SACs/N−C demonstrates
remarkable catalytic advantages at extremely low NO3−

concentrations under magnetic conditions (Figure 3e).

To determine the nitrogen source in this experimental
system, we detected NH4+ in the Ru SACs/N−C reaction
system through nuclear magnetic resonance (NMR) and
comparative experiments. The 14NH4+ generated under
different chemical shifts of 14NO3− appears as a triple nuclear
magnetic resonance peak, while the 15NH4+ synthesized from
15NO3− appears as a double nuclear magnetic resonance peak
(Figure 3f).28 No significant NH4+ was detected in the
electrolytes of K2SO4, open circuit potential, or blank in the
control electrolysis experiments. The ammonia yield detected
in the K2SO4 solution containing KNO3 was determined by
using the indophenol blue method, and the results are
consistent with those presented in Figure 3c. The above
results confirm the nitrogen source of NH4+ is NO3−, rather
than other substances in the environmental system.8

The stability of a catalyst is crucial when evaluating its
performance.29 The current density of Ru SACs/N−C remains
constant during 10 h of continuous electrolysis, and the
ammonia production exhibits good time dependence (Figure

Figure 3. (a) Schematic test equipment of the NitRR under a constant magnetic field. (b) The LSV curves of Ru NPs/N−C in the 0.1 M K2SO4
with 2.5 mM KNO3, Ru NPs/N−C in the 0.1 M K2SO4 with 2.5 mM KNO3 under magnetic field, Ru SACs/N−C in the 0.1 M K2SO4, Ru SACs/
N−C in the 0.1 M K2SO4 under magnetic field, and Ru SACs/N−C in the 0.1 M K2SO4 with 2.5 mM KNO3 under magnetic field. (c) NH3 yield
rates and (d) FEs of Ru NPs/N−C and Ru SACs/N−C at various applied potentials with or without a magnetic field. (e) Comparison of the NH3
yield rates and FEs of Ru SACs/N−C under a magetic field with other reported electrocatalysts. (f) 1H NMR spectra of the electrolyte fed by
K14NO3 and K15NO3 after NitRR. (g) Comparison of the amount of produced NH3 under four different conditions. (h) The long-term stability of
Ru SACs/N−C with time-dependent current density curve and yield (inset) for the duration of 10 h. (i) Cycling tests of Ru SACs/N−C at −0.6 V
vs RHE.
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3h). After the electrolysis was completed, we tested the cycling
stability of the catalyst when changing the electrolyte, and Ru
SACs/N−C still maintained satisfactory stability (Figure 3i).
To elucidate the catalytic mechanism of Ru SACs/N−C in

the NitRR under an external magnetic field, we conducted
more electrochemical measurements and in situ character-
izations. First, the electrochemically active surface areas
(ECSA) of Ru SACs/N−C under both magnetic and
nonmagnetic conditions were compared using the double-
layer capacitance (Cdl) method (Figure 4a and Figure S8). The
results show the Cdl value of Ru SACs/N−C increases
significantly from 4.0 to 4.8 mF cm−2 upon the magnetic
field, indicating the magnetic field effectively activated the
active sites.30 Simultaneously, the turnover frequency (TOF)
of Ru SACs/N−C under the magnetic field is significantly
higher (1.061 s−1) than without the magnetic field (0.464 s−1;
Figure 4b), demonstrating the magnetic field effectively
enhances the intrinsic activity of the catalyst.31 Subsequently,
the Tafel slope analysis further reveals the impact of the
magnetic field on the NitRR kinetics. Compared with the
nonmagnetic conditions (396.81 mV dec−1), Ru SACs/N−C
under magnetic field exhibits a smaller Tafel slope (350.94 mV
dec−1), which can be attributed to the spin state regulation
induced by the magnetic field (Figure 4c). This regulation

promotes the orbital interaction between active sites and
reaction intermediates, thus reducing the reaction barrier and
leading to better NitRR kinetics.32

To investigate the role of active hydrogen species, tert-
butanol (TBA) was introduced as a hydrogen radical
scavenger.33 As shown in Figure 4d, the ammonia yield
decreases gradually with the increasing concentration of TBA,
indicating that TBA effectively suppresses the •H pathway
involved in the Ru SACs/N−C catalyzed NitRR. Furthermore,
both the current efficiency (J) and total charge (Q) of the Ru
SACs/N−C-based NitRR process are lower when TBA is
added compared to the case without TBA (Figure 4d).
Additionally, we plotted the relationship between the total
charge ratio (Q/QTBA) and the ammonia yield ratio (NH3/
NH3‑TBA) at different reaction times (inset of Figure 4d). The
results show that in the initial stage of the reaction (1 h), Q/
QTBA is only 1.15, while NH3/NH3‑TBA reaches 1.27, suggesting
a rapid •H-mediated pathway for the conversion of nitrate to
ammonia. The reaction of TBA with •H inhibits the
contribution of •H to the ammonia generation in NitRR.
Notably, a linear correlation (R2 = 0.9321) is observed
between the ratio of NH3/NH3‑TBA and Q/QTBA with reaction
time, indicating hydrogenation and electron transfer play a
more crucial role in the later stages of NitRR.34 On the other

Figure 4. (a) Cdl values of Ru SACs/N−C with and without a magnetic field. (b) TOFs of Ru SACs/N−C at different potentitals with and without
magnetic field. (c) Tafel slopes for the Ru SACs/N−C electrodes in 0.1 M K2SO4 electrolyte containing 0.0025 M nitrate with and without a
magnetic field. (d) The relationship between Q/QTBA and NH3/NH3‑TBA ratios. (e) Electrochemical intensity spectra of Ru SACs/N−C with and
without magnetic field. (f) Potential-dependent in situ ATR-FTIR spectra of the electroreduction process. (g) Potential-dependent in situ ATR-
FTIR spectra of the electroreduction process with a magnetic field.
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hand, electrochemical impedance spectroscopy (EIS) shows
the charge transfer resistance (Rct) at the electrolyte/electrode
interface of Ru SACs/N−C decreases under a magnetic field
(Figure 4e), suggesting that the magnetic field facilitates charge
transfer.35

In situ attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy was employed to characterize
potential intermediates in the reaction system (Figure 4f). As
the applied potential is swept from open circuit potential to
−0.8 V vs RHE, the intensity of negative vibrational band
associated with *NO3 (∼1400 cm−1) gradually increases,
indicating the continuous consumption of nitrate during the
NitRR process.36 Concurrently, multiple peaks emerge at
increasingly negative potentials, corresponding to the deoxy-
genated intermediate (*NO at 1540 cm−1)36 and the
hydrogenated intermediate (*NH2 at 1130 cm−1).37 These
observations suggest that the Ru SACs/N−C NitRR process
generates abundant deoxygenated/hydrogenated intermediates
that ultimately convert to NH4+. The presence of *NH2 at
∼1130 cm−1 further confirms the spin transition from a low-
spin state to a high-spin state necessary for the hydrogenation
process. Under an external magnetic field, the intensity of the
negative vibrational band associated with *NO3 (∼1350 cm−1)
increases with increasing voltage (Figure 4g), and the signal of
the deoxygenated intermediate (*NO at 1520 cm−1) is
significantly stronger compared to that without a magnetic
field, indicating the external magnetic field induces spin
transition to a high-spin state in Ru SACs/N−C, which
optimizes nitrate adsorption and promotes electron transfer
from the *NO intermediate.38 The O−H bending vibration of
H2O (around 1650 cm−1) gradually intensified from −0.3 to
−0.8 V vs RHE, suggesting the involvement of H2O in the Ru
SACs/N−C-based NitRR process.39 Combining the data
shown in Figures 4f and 4g, it is clear that Ru SACs/N−C is
highly efficient in dissociating H2O to generate abundant •H
species.
To further illustrate the origin of the external magnetic field

in enhancing the performance of NitRR over Ru SACs/N−C,

we studied the effect of spin states on the adsorption of the key
intermediate, i.e., *NH2, pH-dependent reaction activity, and
the electronic structure. As a SAC material, RuN4r with the
pyrrolic-N coordination environment in the Ru SACs/N−C
configuration can deliver a precise platform to uncover the spin
effect of active sites induced by the magnetic field on the
electrochemical performance compared to polyatomic or
cluster catalysts. As for the spinning electron, it can act like
a tiny magnet, which generates a magnetic field around itsef
(Figure 5a). When Ru SACs are put into an external magnetic
field, the polarized electrons will generate, leading to the
transition from low spin to high spin states (Figure 5b).
Changing the spin state can significantly affect catalytic activity
by altering the binding imteraction with adsorbates according
to the previous studies.40−44 Therefore, tuning the spin state of
active sites is a good strategy to control the reaction activity
(Figure 5c).
In a previous mechanistic study on electrochemical NitRR,

we derived a pH-dependent activity volcano model at the RHE
scale by considering the effects of pH, electric field, linear
scaling relations, and the potential of zero charges, which has
been deployed in the DigCat platform for public users.45 The
model study shows that the adsorption strength of the *NH2
inermediate is a key descriptor to describe the reaction
performance of NitRR. Therefore, based on the RuN4r model
built, we show using density function theory (DFT)
calculations that the spin state of single-site Ru has a
substantial effect on the adsorption of *NH2, and the
adsorption of *NH2 is shown to be the strongest on the
low-spin polarized ground state Ru site (0.30 μB) (Figure 5d).
Under an external magnetic field, the electronic structure of Ru
will transit to a higher spin state, weakening the adsorption
strength of *NH2. According to the pH-dependent volcano
model (Figure 5e), we can find that the weakened adsorption
of *NH2 intermediates in the magnetic field will boost the
reaction activity of the NitRR close to the volcano peak, which
is in good agreement with our experimental observations.
Furthermore, the analysis of the electronic structure for single-

Figure 5.Mechanism behind the external magnetic field to enhance the electrochemical NitRR. (a) Schematic diagram of spinning electrons acting
as tiny magnets. (b) Generation of polarized electrons under an external magnetic field. (c) The relationship between the spin state of metal sites
and their delivered activity. (d) The binding energy of *NH2 on single-atom Ru supported by the pyrrolic-N environment (inserted structure) at
various magnetic moments. (e) The derived pH-dependent activity volcano plot for the electrochemical NO3− reduction. (f) PDOS of Ru at
various magnetic moment levels.
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site Ru suggests the origin of how the spin state of single-site
Ru determines the binding strength of *NH2 (Figure 5f). The
density of states (DOS) analysis shows that with the increase
of the spin state on Ru, the distribution of DOS shifts toward
to the negative energy level, away from the Fermi level,
suggesting that there would be more electrons occupying on
the antibonding orbital when Ru interacting with *NH2
species. Therefore, the high spin state of Ru reduces the
adsorption affinity for *NH2, thereby altering the behavior of
the NitRR.
Finally, we explored the practical application potential of Ru

SACs/N−C for NitRR (Figures S9 and S10 and the
corresponding discussions in the Supporting Information).
Ru SACs/N−C demonstrates robust nitrate reduction
performance (∼98% FE) across varying nitrate concentrations
and competing ions. Long-term stability tests in a flow cell
(200 h at 100 mA cm−2) confirm its practical potential,
achieving ∼95% FE and 38 mg L−1 h−1 of NH3 yield.
Economic analysis reveals that scaling up current densities
(>400 mA cm−2) could reduce NH3 production costs below
commercial prices ($1.0−1.5 kg−1), highlighting its viability for
sustainable nitrate removal despite current cost challenges.
In summary, we propose an effective strategy to apply

external magnetic fields for inducing the spin state regulation
of Ru SACs/N−C in nitrate reduction. Experimental and
theoretical studies reveal that an external magnetic field
induces a spin transition to a high spin state in Ru SACs/N−C,
which promotes the hydrogeneration of *NO to *NHO and
weakens *NH2 adsorption. Overall, our work provides a
promising approach for improving electrocatalytic performance
through magnetic-field-induced spin state modulation, offering
valuable insights for the development of efficient and
sustainable electrochemical technologies for ammonia produc-
tion and wastewater treatment.
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