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Electrocatalytic nitrogen oxidation (NOR) is an environmentally friendly alternative to conventional energy-
demanding industrial nitrate synthesis. However, two major barriers to achieving high NOR efficiency stem
from the chemical inertness of Ny and the competitive nature of the oxygen evolution reaction (OER). Herein, we
address the challenges by developing a RuO; catalyst synergistically doped with Ni and Co, which effectively
boosts N activation while minimizing OER activity. This dual effect is achieved, on the one hand, by Ni-doping,
which enhances surface polarity and introduces electron-deficient Ru sites, thereby facilitating interactions with
polar intermediates. On the other hand, Co-doping suppresses parasitic oxygen evolution by raising the energy of
the OER rate-determining step. Leveraging this synergistic interplay in Nig1Cog 2Rug702-450 yields an
outstanding NOR performance, resulting in a high nitrate yield of 726.46 pg h™! mgga and a Faradaic efficiency
of 59.65%. These valuable insights will enable the design of efficient bimetal-doped catalysts for nitrate elec-
trosynthesis, resulting in lower energy consumption and a reduced carbon footprint.

1. Introduction

The growing global market for nitrates continues to motivate ad-
vances in synthetic production strategies, while the combined Haber-
Bosch and Ostwald processes remain the dominant industrial method
for nitric acid production (Kong et al., 2022a; Kong et al., 2022b; Li
et al., 2022b; Li et al., 2021b; Smith et al., 2020). In this system,
ammonia is first synthesized from N, and Hy under harsh conditions
(300-500 °C, 100-300 atm), followed by oxidation of the produced NHg
to nitrogen oxides (400-600 °C, 15-25 MPa) and subsequent absorption
in water to form nitrate (Fig. 1a) (Guo et al., 2018; Huang et al., 2023;
Smith et al., 2020; van Langevelde et al., 2021; Wang et al., 2021; Wang
et al., 2019; Yao et al., 2020). Both steps are highly energy-intensive,

demanding substantial electricity, complex infrastructure, and emit-
ting significant greenhouse gases (Wang et al., 2019). Consequently, the
development of more efficient and environmentally benign alternatives
for nitrate synthesis is urgently needed.

As a sustainable alternative to these energy-intensive processes, the
electrocatalytic nitrogen oxidation reaction (NOR) enables direct nitrate
synthesis from Ny under ambient conditions (Fig. 1b) (Li et al., 2025b;
Xiang et al., 2024; Yang et al., 2023; Zheng et al., 2024). The NOR
process offers a highly controllable and safer alternative that drastically
reduces the energy consumption and carbon emissions of conventional
nitrate production, while enabling modular, on-demand synthesis that
mitigates logistical and safety challenges associated with storage and
transport (Chen et al., 2018; Wang et al., 2022b). The NOR process
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involves the adsorption and activation of N3 molecules on metal active
sites to form *NO, and the subsequent non-electrochemical redox reac-
tion of these *NO with O, generated via oxygen evolution reaction
(OER) to produce nitrate (Kong et al., 2022a; Kuang et al., 2020; Zhang
et al., 2021). The transformation of N into the active *NO is widely
identified as the rate-determining step (Kuang et al., 2020). Meanwhile,
the second step for the formation of nitrate requires moderate OER
catalytic activity. Therefore, effective NOR electrocatalysts must bal-
ance strong N adsorption/activation with controlled OER activity.

Ruthenium dioxide (RuOy) is a benchmark electrocatalyst renowned
for its exceptional OER activity (Bao et al., 2025; Huang et al., 2025;
Wang et al., 2022a). Through structural modification, it was used to
elucidate the complementary yet competitive interplay between the
OER and NOR. For example, Yan et al. developed a Ru-doped TiO2/RuO,
catalyst (Kuang et al., 2020). By incorporating Ru into the TiO lattice,
Ru sites with an upshifted d-band center were created to enhance Ny
conversion to NO*, while surface RuO, provided controlled OER activity
to facilitate nitrate formation without compromising selectivity. Zhang
et al. reported that cation vacancies in RuO; enhance NOR activity by
stabilizing key *OH and facilitating O—O bond cleavage in the rate-
determining step of *NN(OH) formation, thereby promoting N5 activa-
tion while modulating OER (Xu et al., 2023). Despite these advances,
achieving precise control over both OER suppression and NOR selec-
tivity remains an open challenge.

To address this, we designed a NiyCoyRu(_x_y)O2-T catalyst to
implement a dual-regulation strategy that modulates surface polarity
and inhibits the oxygen evolution pathway (x/y: molar ratio of Ni/Co; T:
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calcination temperature in °C). The optimized Nig1Cog2Rug702-450
catalyst demonstrated an exceptional NOR activity, yielding a nitrate
production rate of 726.46 pg h~! mggs at 1.50 V vs. RHE with a Faradaic
efficiency (FE) of 59.65%, and remained stable in operation for over 100
h. Experimental data and density functional theory (DFT) calculations
revealed that the doping of Ni enhanced surface polarity and induced
more positive charge centers, which enhanced Ru’s electro-positivity,
facilitating interactions with polar reaction intermediates. Meanwhile,
Co doping elevated the reaction energy of the OER rate-determining
step, suppressing competitive oxygen evolution. This Ni-Co synergy
finely tuned the NOR pathway for superior catalytic performance.

2. Experimental
2.1. Synthesis of Nip 1Cog 2Rug 702-450

Nig.1Cog.2RU( 702-450 was synthesized through a multi-step process
(Wu et al., 2019). Aqueous solutions of NiCly-6H50 (23.77 mg in 10 mL),
CoCly-6H20 (47.59 mg in 10 mL), and RuCl3-xH20 (145.18 mg in 10 mL)
were individually ultrasonicated for 30 min, mixed, and stirred for 30
min. To the mixture, 5 mL of 1.0 M NaOH was added dropwise under
stirring, followed by an additional stirring. The resulting precipitate was
hydrothermally treated at 150 °C for 10 h. After filtration and thorough
washing with water and ethanol, the product was dried at 60 °C. The
dried precursor was finally calcined in flowing air at 450 °C (heating
rate: 5 °C-min 1) for 6 h. The synthesis procedures for the other catalysts
with varying calcination temperatures and different Ni, Co, and Ru
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Fig. 1. Optimizing NOR Performance with 3d Metal Dopants. Schematic diagrams of (a) thermochemical and (b) electrochemical methods for nitric acid production.
(c) The RDS reaction energies of the OER on the RuO, surface with different 3d transition metals dopants. (d) Reaction energy of RDS for OER on RuO, and RuO,

with different 3d transition metals dopants.
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compositions (NixCoyRu(;_x y)02-T) were carried out following the
same protocol as that of Nip1Cog 2R 702-450. The specific synthesis
conditions are summarized in Table S1.

2.2. Characterizations

The morphologies and compositions of samples were observed with
field-emission scanning electron microscope (SEM, SU-8010), trans-
mission electron microscopy (TEM, HT7700) images, and high-
resolution TEM (HRTEM, Tecnai G2 F20 S-TWIN) images. Energy
dispersive X-ray (EDX) elemental mapping images were obtained on a
JEM-2100 electron microscope (HRTEM, 200 kV) equipped with an EDX
spectrometer, operating at 120 kV. The crystal structures of samples
were characterized by X-ray powder diffraction (XRD, SHIMADZU XRD-
6000). The chemical environments of samples were measured with X-
ray photoelectron spectroscopy (XPS, Escalab 250Xi). Na-temperature-
programmed desorption (N,-TPD) measurements were conducted using
a Micromeritics 3Flex chemisorption analyzer. Ny adsorp-
tion-desorption isotherms were measured at 77 K (liquid nitrogen
temperature) using a Micromeritics ASAP 2460 instrument. Prior to the
tests, all samples were degassed under a nitrogen flow at 120 °C for 6 h
to remove adsorbed guest molecules and moisture. The specific surface
area was calculated by the Brunauer-Emmett-Teller (BET) method.

2.3. Electrochemical measurements

All electrochemical measurements were performed on a CHI 760E
electrochemical workstation (Shanghai Chenhua Instrument Co., China)
using a three-electrode system with graphite rod, and Hg/HgO electrode
as counter and reference electrodes. The working electrode was pre-
pared before electrochemical test. 5 mg of catalyst was dispersed into
1000 pL solution consisting of 950 pL of ethanol, and 50 pL of 5 wt%
Nafion solution to achieve a homogeneous ink by ultrasonication for at
least 30 min. Next, 50 pL of catalyst ink was pipetted onto carbon paper
(1 x 1 cm? with a loading amount of 0.25 mg cm~2 The potentials
reported in this work were converted to RHE scale via calibration with
the following equation: E (vs. RHE) = E (vs. Hg/HgO) + 0.098 + 0.059
x pH. All experiments were carried out at room temperature (25 °C). For
NOR experiments, the electrolyte was purged with Ny gas for 30 min
before measurements. The potentiostatic test was conducted in Ny
saturated 0.1 M KOH solution in a H cell, which was separated by a
Nafion membrane. Pure Ny gas was continuously fed into the anodic
compartment during the experiments. All CV or LSV curves were
recorded without iR compensation.

2.4. DFT calculations

All calculations of structure relaxation and electronic properties
were performed by the Vienna Ab initio Simulation Package with
projector-augmented wave pseudopotential (PAW) (Kresse and Furth-
miiller, 1996a, b). The Perdew-Burke-Ernzerhof (PBE) functional at the
generalized gradient approximation (GGA) level was used to treat the
exchange-correlation (Hammer et al., 1999; Perdew et al., 1996). A
cutoff energy was set to 450 eV, and k-points were sampled using the
gamma-centered mesh with a reciprocal space resolution of 2x x 0.05
A~! for structural optimization calculations, respectively (Wang et al.,
2024; Wang et al., 2023b; Yu et al., 2022a), which ensured that the
energy convergence criteria were fulfilled. For the calculation of the
DOS, a higher k-point grid density of 21 x 0.04 A~ was adopted, which
already met the energy convergence accuracy requirements. To avoid
any interactions due to the use of periodic boundary conditions, a vac-
uum separation between two neighboring slabs was set as 15 A. The
solvent effect was described by VASPsol code with the dielectric con-
stant of 80 (Gauthier et al., 2017). For the localized d-electrons in Ru, Ni
and Co, we employed the DFT + U method, which corrected the self-
interaction error and provided a more accurate description of the
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electronic and magnetic properties of these elements. Specifically, we
applied the on-site interaction parameter U of 4.88 eV for Ru (Latimer
et al., 2017), 6.45 eV for Ni and 3.32 eV for Co (Liu et al., 2015). To
describe the electrochemical synthesis of nitrate, the computational
hydrogen electrode (CHE) model was used to establish a free energy
profile, as proposed by Ngrskov and co-workers (Henkelman and
Jonsson, 2000; Henkelman et al., 2000; Ngrskov et al., 2004).

3. Results and discussions
3.1. Structural design of NOR catalyst via theoretical calculations

Although Ru surfaces can effectively adsorb and activate nitrogen
(Han et al., 2021; Kuang et al., 2020; Li et al., 2022a; Nie et al., 2022;
Wang et al., 2019), RuOx's concurrent strong OER activity paradoxically
limits its efficacy in the NOR (Kuang et al., 2020; Xu et al., 2023; Yu
et al., 2022b). To resolve this, we employed transition metal doping to
modulate its OER activity for enhanced NOR performance. DFT calcu-
lations were performed to systematically evaluate and compare the re-
action energies of the OER rate-determining step (RDS) across a series of
dopants, including V, Cr, Fe, Co, and Ni. As shown in Fig. 1c, Co-doped
RuO; exhibited a higher RDS reaction energy of 0.596 eV compared to
other metal dopants, indicating that Co doping effectively moderates the
OER activity (Boakye et al., 2024). Further comparison of the OER
performance on the RuOg2(1 1 0) surface before and after Co doping
(Fig. 1d) revealed that the reaction energy required for the RDS of the
OER on RuO; is 0.568 eV. On RuO; with Co doping, the RDS energy
increases to 0.596 eV. This slight increase in energy indicated that Co-
doped RuO; does not completely suppress OER activity but rather
modulates it to a certain extent. In contrast, single-metal doping alone
has proven insufficient for simultaneously optimizing nitrogen-
containing intermediate transformation and balanced OER activity.
We therefore incorporated Ni as a second dopant. Surface electrostatic
potential analysis (Fig. S1) revealed that Ni doping enhances surface
polarity, creating more positive charge centers and increasing Ru’s
electro-positivity. This modification promotes the adsorption of polar
intermediates, thus facilitating the NOR.

3.2. Synthesis and characterization of NOR catalyst

Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) images (Fig. 2a and b) of Nig1Cop2Rug702-450
exhibited a well-defined nanoparticle morphology, with an average size
of about 4.5 nm. High-resolution TEM (HRTEM) images showed clear
lattice fringes corresponding to crystalline RuO; domains. The measured
interplanar spacings of 2.48 A, 3.15 A and 1.68 A were well indexed to
the (101),(110) and (2 1 1) planes of RuOy, respectively (Fig. 2c) (Yan
et al., 2022). Control samples, including Nig3Rug702-450,
Cog.3Ru( 702-450, and Ru0,-450, were synthesized following the same
methodology and exhibited morphological features similar to the
Nig.1Cog.2RU( 702-450 (Fig. S2 and Table S1). EDX elemental mapping
images demonstrated the homogeneous distribution of Ru, Co, Ni and O
elements throughout the whole catalyst (Fig. 2d), revealing the uniform
incorporation of Co and Ni into the RuO, matrix. Additionally, SEM-EDX
analysis revealed that the atomic percentages of Ru, Ni, and Co were
38.7%, 5.7%, and 11.0%, respectively (Fig. 2e), corresponding to a
molar ratio of Ru: Ni: Co ~ 6.84: 1: 1.95. X-ray diffraction (XRD) analysis
(Fig. 2f and S3) further corroborated the existence of crystalline RuOs
phases in Nig 1 Cog 2Rug 702-450, aligning well with the HRTEM imaging
observations.

To elucidate the effects of calcination temperature and metal content
on the structure of NiyCoyRu(;_x—y)O2-T catalysts, we performed XRD
analyses (Figs. S4-S6). When the total doping level x + y > 0.3, addi-
tional diffraction peaks of NiCo204 appeared, suggesting phase segre-
gation at higher Ni and Co contents (Fig. S4c and d). In addition, the
continuous shift of the (2 1 1) diffraction peak of RuOj to higher angles
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Fig. 2. Morphological and Structural Characterization of NOR Catalyst. (a) SEM, (b) TEM, (c) HRTEM, (d) EDX elemental mapping images of Nig ;Cog 2Rug 702-450.
(e) Elemental atomic ratio of the Nig ;Cog 2Rug702-450, Cog 3Rug 705-450, and Nij 3Rug 7,02-450. (f) XRD patterns of the Nig 1Cog 2Rug 702-450 and RuO»-450.

with increasing Ni and Co doping levels, which can be attributed to the
lattice substitution (Fig. S7). We further performed detailed Rietveld
refinements on the XRD patterns for representative Nig 1Cog 2Rug 702-
450. The refinements converged successfully with good agreement fac-
tors (Ryp values < 7% and R, values < 5%; Table S2 and Fig. S7),
validating the reliability of the structural model. An increase in the
lattice parameter b from 22.23 to 22.31 A was observed upon Ni/Co
doping, providing quantitative evidence for Ni/Co dopant incorporation
and the associated lattice strain induced by ionic radius mismatch
(Gilardi et al., 2017). Notably, NixCoyRu(1_xy)02-450 and NiyCoyR-
U(1x—y)02-600 share similar crystal frameworks, while NiCo04 phase
formation occurs more readily at 600 °C (Figs. S4 and S5). The results
reveal moderate calcination at 450 °C favors stable Ni and Co incorpo-
ration, whereas samples calcined at 300 °C exhibit broader peaks,
consistent with reduced crystallinity caused by limited crystal growth
(Jain, 2022).

To gain deeper insights into the electronic interactions between Ni,
Co, and Ru, we performed X-ray photoelectron spectroscopy (XPS)
analysis on NiO,ICoo,ZRu0,702-450, with C00,3R110.702-450, NiolgRquOz-

450 and Ru0,-450 serving as references. In the Ru 3p spectra (Fig. 3a), a
positive shift in the binding energy of Ru 3p was observed for Nig ;C-
00.2Ru( 702-450 compared to RuO2-450. This shift indicated that Ru
atoms had lost electrons, leading to a decrease in local electron density.
As a result, the oxidation state of Ru in Nig ;Cog 2Rug 702-450 was higher
than + 4. In the Co 2p spectra (Fig. 3b), the peaks at 779.2 eV and 781.2
eV corresponded to Co?t 2p3 /5 and Co>" 2p3 9, respectively. A negative
binding energy shift was observed for Nig ;Cog 2Ru.702-450 compared
to Cog3Rug702-450, suggesting a decreased oxidation state of Co.
Similarly, the Ni 2p spectra (Fig. 3c) displayed a negative shift in
Nig.1Cog.2Rug 702-450 relative to Nig3Rug;702-450, also indicating a
lower Ni oxidation state. These findings highlight that the synergistic
incorporation of Ni and Co into the RuO, reshapes the local electronic
structure via charge redistribution.

We further employed Nj-temperature-programmed desorption (Na-
TPD) analysis (Fig. 3d) to investigate the Ny activation behavior of the
catalysts. The desorption temperatures followed the order of
Cog.3Ru 702-450 (269 °C) > Nig3Rug702-450 (243 °C) > Nig;C-
00.2Rup 702-450 (229 °C) > Ru02-450 (225 °C). First, to exclude the
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influence of surface area on the No-TPD results, Ny adsorp-
tion—desorption isotherms (BET analysis) on Nig jCog 2Rug702-450,
Nig.3Rug 702-450, Cop 3Rup702-450 and RuO5-450 samples were con-
ducted. As shown in Fig. S8, the comparable surface areas of all catalysts
suggest that the differences observed in No-TPD are likely due to vari-
ations in chemical adsorption strength, rather than physical adsorption
capacity. Second, in order to quantitatively evaluate the Ny binding
strength, we further performed a Redhead analysis on the N5-TPD
spectra, assuming first-order desorption kinetics. The Redhead analysis
yielded desorption activation energies (Eqes) of 148, 140, 137, and 135
kJ 1’1‘10171 for CO()3R1104702-450, Nio,gRu0‘702-450, Ni(),l(:Oo,gRquOz-
450, and RuO,-450, respectively. This trend quantitatively supports our
argument that the optimal Nip;CogRug702-450 possesses an inter-
mediate Ny binding strength, which is weaker than the singly-doped
samples but slightly stronger than pure RuO,. Third, we also conduct-
ed DFT calculations to compare the N» adsorption energies on the
relevant catalyst surfaces (Fig. S9). The Nig ;Cog 2Rug 702-450 exhibits a
moderate Ny adsorption energy of —1.371 eV, which is indeed inter-
mediate between the weaker binding on the RuO5 (—0.935 eV) and the
stronger binding on the Cog 3Rug 702-450 (—1.427 eV) and Nig sRug.702-
450 (—1.469 eV). Notably, the Nip ;Cog 2Rup702-450 demonstrated an
enhanced Ny adsorption capacity compared to RuO»-450, implying

stronger Np-catalyst interactions and thus facilitating the initial NOR
stage. However, too strong binding of the N, intermediate to the catalyst
surface can block active sites and impair product desorption, ultimately
lowering overall efficiency (Li et al., 2022b; Liao et al., 2021; Serrano-
Lotina et al., 2017; Yu et al., 2022b). This explains why Cog sRug.702-
450 and Nig 3Rug 702-450, despite their stronger N adsorption, perform
worse than Nig ;Cog 2Rug 702-450 in catalytic tests.

3.3. Electrochemical NOR performance

Electrochemical experiments were systematically executed to assess
the NOR performance of NixCoyRu_x y)O2-T catalysts. Ultra-
violet-visible (UV-Vis) spectrophotometry was employed to quantify
the primary oxidation product nitrate (Fig. S10) (Li et al., 2022a; Wang
et al., 2023a). The catalytic performances of the NixCoyRu(; x y)O2-T
series (x:y = 1:1, where T represents temperature) obtained through
different temperature treatments were evaluated. Nig ;Cog 1Rug §02-600
exhibited the highest NO3 production rate of 527.53 pg h™! mgg: and a
FE of 50.8% at 1.50 V (Fig. S11). When x =y < 0.1, the NOR perfor-
mance decreased. For x =y > 0.15, the activity also declined despite
higher doping levels, likely due to a segregated NiCo,04 phase, which
was devoid of catalytic activity (Fig. S4) (Wu et al.,, 2019). The
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NixCoyRu(; x_y)02-450 series (x:y = 1:1) has demonstrated superior
NOR performance (Fig. S12). The catalyst with x =y = 0.15 (Nig ;5C-
00.15RU0.702-450) achieved the highest NO3 production rate of 615.80
g h™! mgzt and a FE of 55.29% at 1.50 V, compared to 592.56 pg h™!
mgc_alt and 45.04% for x =y = 0.1 (Nip.1Coq.1Rugg02-450). Further
evaluation of the NiyCoyRu(;_x y)02-300 series revealed obviously
reduced NOR activity (Fig. S13), which was attributed to deteriorated
crystallinity based on XRD analysis (Fig. S6). Combined structural and
performance analysis demonstrates that NiyCoyRu(xy)O2-T calcined
at 450 °C exhibited the best crystallinity and the highest NOR activity,
making this temperature the optimal condition for synthesis.

Given the distinct roles of Ni and Co in the RuO, lattice, further
research is needed to determine their concentrations and ratios after the
optimal temperature is set. The results showed that catalysts doped with
either Ni or Co alone exhibited lower performance compared to those co-
doped with both elements (Figs. S14 and S15), indicating a synergistic
effect. Building on this, our electrochemical and spectroscopic charac-
terization of the catalysts (chronopotentiometry at various potentials,
Figs. S16-S21; corresponding UV-Vis absorption spectra, Figs. $22-S27)
demonstrated that precise control of the Ni/Co ratio was crucial for
maximizing performance. In Fig. 4a and b, Nig ;Cog 2Rug 702-450 cata-
lyst, with an optimal doping ratio, delivered the highest NOR activity. It
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achieved a remarkable NO3 production rate of 726.46 g h~! mgg! with
a FE of 59.65%. Given that the OER is a major competing anodic reaction
during NOR, we further performed OER polarization and Tafel analysis
for the Nio_]COo_lel()_702-450, COo_gRUO.702-450, Ni()3Rl.l0_702-450, and
Ru05-450 (Fig. S28). The results show that the doping of Co and Ni
markedly suppresses OER activity concurrently with a rise in Tafel
slopes, demonstrating the sluggish OER kinetics of Ni/Co doped sam-
ples. The Nig 1Cog.2Rug 702-450 catalyst, with the highest NOR selec-
tivity, also possesses the most anodically shifted OER polarization curve
and the largest Tafel slope. This provides direct evidence that the OER is
suppressed in the Ni/Co doped samples, which effectively channels the
selectivity toward the NOR pathway. Additionally, Nig;Cog 2Rug 702-
450 demonstrated exceptional stability and performance advantages,
with no significant decay in NO3 yield or FE after 100 h of testing at
1.50 V (Fig. 4c). Moreover, the structural integrity of Nig 1Cog 2Rug 702-
450 after the durability test was further confirmed through compre-
hensive structural characterization. The XRD and TEM images of the
post-tested catalyst are essentially identical to those of the pristine
sample, with unchanged diffraction peak positions and preserved
interplanar spacing (Figs. 529 and S30). The XPS results further show
that the chemical states of Ru, Ni, and Co remain unchanged after the
durability test (Fig. S31). Consistently, inductively coupled plasma
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optical emission spectrometry (ICP-OES) measurements of the pre- and
post-test catalysts show negligible variation in metal contents
(Table S3), further supporting the structural integrity of Nig;C-
00.2Rug 702-450 throughout the long-term NOR measurement.

The above metrics substantially surpassed those of control catalysts,
positioning Nip 1Cog 2Rug 702-450 among the state-of-the-art NOR cat-
alysts reported in literature (Fig. 4d, Table S4) (Han et al., 2021; Kuang
et al., 2020; Li et al., 2025a; Li et al., 2023a; Li et al., 2021a; Mao et al.,
2024; Wang et al., 2023a; Zeng et al., 2025). Isotopic validation ex-
periments employing °Nj feedstocks, coupled with >N nuclear mag-
netic resonance spectroscopy (NMR) (Fig. 4e and S32), conclusively
established N as the nitrate precursor. The absence of any signal in the
15N NMR spectrum of the pristine electrolyte rules out pre-existing °N-
labeled nitrate contamination, while the appearance of a distinct reso-
nance at 371.6 ppm only after reaction under 1°N,—consistent with the
standard K!°>NOs—thus unambiguously verifying the origin of the ni-
trogen atom in NO3 (Han et al., 2021; Kuang et al., 2020; Wang et al.,
2019).

To further investigate the reaction kinetics, the Tafel slopes were
determined for the optimal Nig 1Cog 2Rug 702-450 catalyst, with RuOo-
450, Nig3Rug702-450, and Cog3Rug702-450 serving as controls.
Nig.1Cog.2Ru702-450 exhibited the lowest Tafel slope of 67.95 mV

(a) -
NO, sio
l NO,”

\

H,0

%/
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dec! (Fig. S33), lower than those of Ru03-450 (96.15 mV dec’l),
Nig.3Rug 702-450 (75.73 mV dec_l), and Cog 3Rug702-450 (77.20 mV
dec’l), indicating a faster NO3 formation rate. The electrochemical
impedance spectroscopy (EIS) results showed that Nip 1Cog 2Rug 702-
450 had the smallest semicircle among the investigated catalysts, sug-
gesting a lower R and more efficient electron transfer (Fig. S34).
Furthermore, Nig1Cog2Rug702-450 possessed the largest electro-
chemical surface area (ECSA) among the investigated samples
(Fig. S35), implying a higher density of accessible active sites and fa-
voring electrolyte interaction during the NOR process.

3.4. Mechanistic insights of NOR

We utilized in situ ATR-FTIR spectroscopy to monitor the dynamic
evolution of reaction intermediates and compare the surface species on
Nig.1Co0.2RUp 702-450 with those on the control sample, RuO,-450.
Under potentials ranging from 1.35 to 1.65 V, distinct *NO3 (1442.5
cm’l), N-N stretching (1126.2 cm’l), and *NO3 bending (1292.1 cm’l)
peaks were observed on Nig 1Cog 2Rug 702-450, with increasing intensity
at higher potentials (Fig. 5a and S36) (Guo et al., 2023; Li et al., 2022,
2023; Wang et al., 2023). In contrast, analogous signals were also
observed on RuO3-450, confirming that NOR proceeds on both catalysts.
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DFT calculations were systematically performed to elucidate the
mechanistic influence of Ni and Co doping on the NOR. Atomic-scale
structural models of pristine RuO, and RuO, doped with Ni and Co
were constructed and meticulously optimized (Fig. S37). As revealed by
Bader charge analysis, Ru atoms in the Ni and Co doped configuration
exhibit an increased tendency toward electron loss (Fig. 5b and c), with
an average increase of 1.44 e in electron depletion per Ru site compared
to undoped RuOs. It can be concluded that the valence state of the Ru
increased due to the presence of Co and Ni dopants. Combined with the
charge density difference analysis (Fig. S38), it was found that charge
redistribution occurred on the surface of RuOy doped with Ni and Co,
leading to a change in surface polarity. This phenomenon is further
corroborated by surface electrostatic potential mapping (Fig. 5d and e)
(Yang et al., 2024). The consistent results clearly demonstrate an
enhanced surface polarity in RuO; doped with Ni and Co, which pro-
motes the adsorption and activation of reactants, thereby facilitating
NOR.

To further unravel the reaction pathways and the activity of NOR on
RuO; doped with Ni and Co, as well as on RuO;, facets, the reaction Gibbs
free energy (AG) profiles for each intermediate are derived through
thermodynamic calculations with implicit solvation effects included
using the VASPsol model (Fig. 5f, S39 and S40). The NOR initiates with
the adsorption of N5 on the catalyst surface, followed by its oxidation via
the first OH™ ion to form *NoOH. Subsequently, a second OH™ ion
captures a hydrogen atom, yielding a H,O and generating *N»O. It is
noteworthy that the formation of *N20O involves a high reaction energy
of 2.408 eV on pristine RuO». In contrast, RuO, doped with Ni and Co
lowers the reaction energy of this critical elementary step, which is
identified as the RDS, to 1.909 eV. Furthermore, for the formation of
both *N and *NOH, RuO, doped with Ni and Co exhibits lower reaction
energies than pristine RuO,. Overall, the NOR reaction was more likely
to occur on RuO5 doped with Ni and Co than on RuOs,, indicating that
the Ni and Co doping facilitates the progression of the NOR reaction.

4. Conclusions

We combined Ni and Co doping to synthesize the Nig ;Cog 2Rug 702-
450 that maximizes NOR activity while suppressing oxygen evolution.
Our catalyst showed an exceptional nitrate production rate of 726.46 ug
h~! mge and a high FE of 59.65%. Systematic experimental and theo-
retical analyses showed that Ni doping enhanced surface polarity and
introduced electron-deficient Ru sites boosting the adsorption of polar
intermediates, while Co doping raised the reaction energy of the RDS
step in the oxygen evolution, thereby mitigating competitive OER ac-
tivity. This Ni and Co synergy rendered the electronic structure of RuO,
as the optimal for the NOR pathway, resulting in enhanced selectivity
and high efficiency for nitrate electrosynthesis. Our work introduces a
rational co-doping strategy for designing electrocatalysts for sustainable
nitrate electrosynthesis under ambient conditions, bringing us closer to
green and scalable nitrogen fixation.
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