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Ammonia (NH5) plays a vital role in agriculture and chemical manufacturing, yet its conventional
production is energy-intensive and environmentally harmful. Developing cleaner, more efficient
alternatives is essential. Here we show a newly developed dual-metal nanocluster catalyst, Fe,Co+/
NC, that effectively converts nitrate and nitrite pollutants into NH5 through an electrochemical
process. This catalyst achieves high NH5 production rates and Faradaic efficiency, surpassing single-
metal Fe/NC and Co/NC catalysts, and remains stable over extended use. When incorporated into
nitrate- or nitrite-based zinc batteries, the system enables simultaneous NH3 production and
electricity generation, highlighting its potential for coupled energy recovery and environmental
remediation. This work provides valuable design principles for bimetallic nanocluster catalysts and
offers a promising strategy for the sustainable conversion of nitrogen-containing waste into useful

chemicals.

Ammonia (NH3) is a vital raw material in both agricultural and chemical
production'™. While the Haber-Bosch process currently dominates indus-
trial production, its severe energy penalties (1-2% global energy con-
sumption) and substantial CO, emissions fundamentally conflict with
carbon neutrality objectives'. This contradiction has driven paradigm-
shifting innovations in electrochemical NHj synthesis, particularly through
nitrogen reduction (NRR) and nitrate/nitrite reduction (NO3;RR/NO,RR)
pathways”". Despite the theoretical potential of NRR to be green, the high
stability of the N=N triple bond (dissociation energy of 941 kJ mol™),
coupled with the nonpolar nature of nitrogen and poor aqueous solubility,
resulted in unsatisfactory NH; yields and Faraday efficiencies (FEs)*"’. In
contrast, NO3;RR/NO,RR powered by renewable energy, is a competitive
and promising technology''. Principally, NO;RR/NO,RR is thermo-
dynamically and kinetically superior to NRR". Besides, this innovative
approach utilizes NO; /NO, ", abundant nitrogen sources in industrial
wastewater, enabling direct conversion to NH; under ambient conditions'.
This technology has the dual advantage of cleaning up nitrogen pollution, as

well as producing high-purity NH;'". Nevertheless, NO;RR/NO,RR pro-
duces a variety of by-products (e.g., N, NO,) due to its complex reaction
pathway, which affects selectivity and NH; yield”. Therefore, designing
catalysts with superior activity and high selectivity is the critical key to
achieving efficient NO;RR/NO,RR".

Nitrogen-doped carbon matrices exhibit prominent advantages in elec-
trocatalysis, including their high electrical conductivity ensures rapid electron
transfer. Concurrently, as catalyst supports, the enhanced surface hydro-
philicity and the formation of metal-nitrogen coordination active sites (M-Ny)
synergistically enhance the activity and stability of electrocatalytic reactions,
making them ideal substrates for replacing noble metal catalysts' . Recently,
non-noble single-atom catalysts (SACs) anchored on nitrogen-doped carbon
matrices have attracted extensive attention in NO;RR/NO,RR studies™ ™,
owing to their distinctive geometrical configurations, tunable electronic
properties, and near-theoretical-limit atomic utilization efficiency”. Yet, non-
noble single-metal active sites often suffer from low selectivity and insufficient
stability”’. To broaden the application of SACs, the researchers have developed
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a variety of modulation methods for designing atomic sites, including repla-
cing ligand atoms”, structuring metal-organic frameworks™”, constructing
ligand structures™, and building bimetallic nanoclusters. Among them, the
strategy of constructing bimetallic nanoclusters has garnered significant
attention, attributed to its dual advantages of the ultra-high atomic utilization
efficiency of single atoms and synergistic catalysis™”’. An and his research
team employed Cu-Ni bimetallic clusters in combination with constraint
engineering for the first time to solve the problems of slow NO;RR kinetics,
severe shortage of catalytically active sites, and side reactions affecting the
catalytic efficiency of monometallic catalysts™. Lee et al. achieved a high NH;
yield (4.625 mmol h™' cm™) for powdered NO;RR catalysts by in-situ con-
structing CuCo bimetallic clusters and maximizing the synergistic effect of two
metal™. However, reports on the design of bifunctional bimetallic cluster
catalysts catering to both NO;RR and NO,RR remain scarce. Accordingly, the
rational design of highly efficient multifunctional metal cluster catalysts has
become a key research frontier in the contemporary landscape.

Herein, we report the Fe-Co bimetallic nanocluster catalysts (Fe,Co;/
NC), which are anchored within a nitrogen-doped porous carbon (NC)
matrix, exhibiting pronounced bifunctional activity for NO;RR and
NO,RR. The Fe,Co;/NC architecture, engineered through hydrofluoric
acid (HF) etching of a sacrificial silica template, yields a well-defined con-
ductive carbon framework. This structural design not only facilitates effi-
cient charge transfer kinetics and enhances overall electrical conductivity
but also maximizes the exposed density of catalytically active sites. Fur-
thermore, the porous carbon matrix serves as a high-surface-area scaffold
for immobilizing Fe-Co nanoclusters, enabling synergistic enhancement of
catalytic performance. Consequently, the Fe,Co;/NC catalyst demonstrates
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Fig. 1 | Synthesis and Characterization of catalysts. a Synthesis process of Fe,Co,/
NC. SEM images of b Fe;Co,/NC, ¢ Fe;Co,/NC, d Fe,Co;/NC, e Fe;Co4/NC,

f Fe,Co,/NC. g, h TEM image and i Aberration-corrected HAADF-STEM image of
Fe,Co;/NC, red circles highlight bimetallic nanoclusters (inset: the particle size
distribution of FeCo sub-nanoclusters). j HAADF-STEM image and corresponding

exceptional activity for NO;RR and NO,RR, with its performance metrics
significantly outperforming those of single-metal counterparts (Fe/NC, Co/
NC). Notably, Zn-NO; ™~ and Zn-NO, " batteries equipped with Fe,Co;/NC
cathodes achieve remarkable power densities while sustaining NH; pro-
duction, highlighting their practical utility in energy conversion technolo-
gies and the valorization of nitrogenous waste.

Results and discussion

Synthesis and characterization of Fe,Co/NC

Figure la illustrates the process flow for the preparation of Fe,Co,/NC
catalyst loaded on NC using SiO, as a hard template, with the core steps
including precursor impregnation, high-temperature carbonization, and
template etching (see Synthesis Methods for details). To elucidate the
morphological features of the catalyst, comprehensive characterizations
including scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and X-ray diffraction (XRD) were performed. SEM
images (Fig. 1b—f) reveal uniformly porous carbon architectures across all
Fe: Co molar ratios (1:1, 1:2, 2:1, 1:4, 4:1), resulting from selective etching of
SiO, templates by HF. This three-dimensional interconnected pore struc-
ture not only ensures high electrical conductivity but also significantly
increases the exposure of electrochemically active sites, thereby optimizing
charge transfer kinetics®. Further TEM characterization of Fe,Co;/NC
corroborates its porous framework (Fig. 1g, h). Aberration-corrected high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image analysis directly visualizes that sub-nanometric Fe
and Co metal nanoclusters with an average size of 0.90 nm are densely
dispersed on the porous carbon matrix (Fig. 1i). This unique nanostructure
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EDS elemental maps for Fe, Co, C, N, and O. k XRD patterns of Fe,Co;/NC, Fe/NC
and Co/NC. XPS spectra of 1 C 1 s, m Fe 2p, n Co 2p for Fe,Co;/NC. o Fe K-edge

XANES spectra of Fe,Co;/NC and the standard samples and p their corresponding
FT-EXAFS spectra.
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may facilitate interfacial electron transfer kinetics, offering a strategy to
enhance electrocatalytic efficiency in complex multi-step reactions”. The
Energy-dispersive X-ray spectroscopy (EDS) mapping manifests that Fe,
Co, C, N, and O are well dispersed over carbon substrate (Fig. 1j). Fur-
thermore, the XRD spectrum of Fig. 1k indicates broad diffraction peaks at
about 24.1 "and 43.7°, corresponding to the (002) and (100) crystal planes of
graphitic carbon, respectively™. In contrast, the absence of diffraction peaks
from the Fe/Co metal or alloy crystalline phases indicates that the metal
species are present in the form of sub-crystalline clusters, in agreement with
the TEM results. This may be due to the low content of Fe and Co elements
in the samples and the small size of the nanoclusters formed”.

Complementary to these analyses, the chemical composition and ele-
mental valence states of Fe,Co;/NC were systematically characterized using
X-ray photoelectron spectroscopy (XPS). XPS spectra confirm the presence
of elements Fe, Co, C,N, and O in Fe,Co,/NC, which is in line with the EDS-
mapping results (Fig. 11-n and Figs. S1, 2). The Cl1s XPS spectra showed
characteristic peaks at 289.84, 287.11, 285.82, and 284.80 eV, corresponding
to O-C=0, C=0, C-N, and C-C/C=C bonds, respectively (Fig. 11)*". The
deconvoluted N1s spectrum (Fig. S1) exhibits five resolved components
assigned to distinct nitrogen configurations: oxidized species (402.59 eV),
graphitic N (401.33 eV), pyrrolic N (400.33 eV), pyridinic N (399.26 €V),
and a characteristic metal-nitrogen (M-N) coordination peak at 398.36 eV*".
The O 1 s analysis (Fig. S2) reveals oxygen-containing moieties including O-
C=0(534.56 eV), C-O (532.89 V), C=0 (531.37 V), alongside a definitive
metal-oxygen (M-O) coordination signal at 530.09 eV. The concurrent
presence of M-N and M-O bonds in Fe,Co;/NC confirms atomic-level
coordination of Fe/Co centers with adjacent N and O ligands. Such inter-
actions between the metal and N and O contribute to the high dispersibility
of the metal nanoclusters, preventing their aggregation and growth during
the reaction process™. The high-resolution Fe 2p XPS spectrum (Fig. 1m)
exhibits characteristic spin-orbit doublets with Fe 2ps/, and Fe 2p;, com-
ponents at 711.1 eV and 724.7 eV, respectively, both diagnostic of divalent
iron (Fe**). Shake-up satellite features at 716.4 eV and 732.5¢eV further
confirm octahedral coordination of Fe*” with oxygen ligands®. The high-
resolution Co 2p XPS spectrum (Fig. 1n) exhibits characteristic spin-orbit
doublets with Co 2p;/, and Co 2p,,, components at 780.3 eV and 796.4 eV,
respectively, both signatures of divalent cobalt (Co**). Additional shake-up
satellite features are definitively assigned at 788.1 eV (associated with Co
2p3/2) and 805.5 eV (corresponding to Co 2p,,)*. Critically, XPS analysis
confirmed the absence of metallic iron (Fe’) and cobalt (Co’) species,
consistent with phase identification derived from XRD characterization.
X-ray absorption spectroscopy (XAS) was utilized to elucidate the electronic
structure and local coordination environment of the as-synthesized sample.
In the Fe K-edge X-ray absorption near-edge structure (XANES) spectra
(Fig. 10), the Fe XANES absorption edge for Fe,Co;/NC lies between those
of Fe foil and Fe, 05, indicating that Fe is in a partially oxidized valence state.
The k*-weighted Fourier-transform extended X-ray absorption fine struc-
ture (FT-EXAFS) spectra (Fig. 1p) reveals a prominent peak at 1.57 A for
Fe,Co;/NC, attributed to Fe-N bonding, which aligns with the N 1 s XPS
analysis. Notably, the FT-EXAFS spectra also exhibit a peak at 2.54 A,
corresponding to Fe-Co bonding, providing evidence of a direct interaction
between Fe and Co®. The above analytical techniques collectively corrobo-
rate both the effective synthesis of the Fe,Co;/NC architecture and its
inherent structural superiorities.

NOsRR performance evaluation

To evaluate the NO;RR performance of the synthesized catalysts, a series of
electrochemical measurements were conducted using a conventional three-
electrode system in an H-battery configuration. Linear sweep voltammetry
(LSV, Fig. 2a) tests in 0.1 M K,SO,4 and 0.1 M KNO; electrolytes reveals that
the Fe,Co;/NC catalyst exhibits a more rapid increase in current density
with negative potential progression compared to Co/NC and Fe/NC
counterparts, demonstrating superior catalytic activity for NO;RR. Notably,
Fe,Co;/NC achieves a significantly enhanced current density of
—8179mAcm ™ at —12V vs. RHE, indicating that the bimetallic

configuration effectively promotes NH; generation while suppressing the
competing hydrogen evolution reaction (HER).

To identify the optimal catalyst, we systematically assessed the FEs and
NHj; production rate of Fe,Co,/NC catalysts across Fe:Co ratios (1:1, 1:2,
2:1, 1:4, 4:1), along with monometallic Fe/NC and Co/NC controls. FEs and
production rates were calculated from chronoamperometric test (I-T) and
NH; quantification (UV-Vis spectrophotometry of diluted post-electrolysis
electrolyte, Fig. S3). As depicted in Fig. 2b, Fe,Co,/NC exhibits the highest
FEs at all tested potentials, demonstrating superior selectivity for the
NO;RR. Notably, it achieves the highest FE at —1.0 V vs. RHE, confirming
maximal NO;~ to NH; conversion selectivity at Fe:Co = 2:1. Furthermore,
the significantly higher FE of Fe,Co;/NC versus monometallic controls
confirms a marked synergistic effect within Fe-Co nanoclusters for pro-
moting NOsRR, consistent with established literature™. As depicted in
Fig. 2¢, the Fe,Co;/NC catalyst exhibits optimal NOsRR performance at
—1.0 V vs. RHE under standard conditions, achieving a FE of 85.6% and a
peak NH; production rate of 171.5 umol h™' cm ™. A comparative analysis
with recently reported catalysts (Table S1) reveals that the Fe,Co,/NC
material exhibits significantly superior overall catalytic performance.
Notably, the FE exhibits a systematic decline with positive potential shifts,
decreasing considerably to 42.7% at —1.2V vs. RHE. This behavior is
attributable to the intensified HER, which competes with NO;RR and
diminishes catalyst selectivity towards the NH; synthesis pathway™.

To further elucidate intrinsic activity differences, the electrochemical
active surface area (ECSA) of each catalyst was evaluated via double-layer
capacitance (Cg) measurements within the non-faradaic potential region,
while interfacial charge transfer kinetics were probed by electrochemical
impedance spectroscopy (EIS). As shown in Figs. $4-S6 and Fig. 2d, the Cy
value of Fe,Co,/NC (34.0 mF cm ™) significantly exceeds that of Fe/NC
(11.1 mF cm™) and Co/NC (142 mF cm™?), for different scanning rates
from 50 mV s™' to 100 mV s~". This indicates a larger ECSA for Fe,Co,/NC,
implying greater exposure of electrochemically accessible active sites. Fur-
thermore, EIS measurements conducted at —1.0V vs. RHE (Fig. 2e)
assessed the interfacial processes of Fe/NC, Co/NC, and Fe,Co;/NC. The
Nyquist plots for all catalysts exhibit distinct high-frequency semicircular
arcs, primarily corresponding to the charge transfer resistance (R.) at the
electrode/electrolyte interface. Fe/NC displays the largest arc diameter,
indicating the highest R In contrast, Fe,Co;/NC exhibits the smallest arc
diameter, significantly lower than both Fe/NC and Co/NC, unequivocally
confirming its minimal R.. This reduced R directly reflects accelerated
charge transfer kinetics at the Fe,Co;/NC interface during the NO;RR.
Integrating the Cq and EIS analyses, the superior catalytic performance of
Fe,Co;/NC, manifested in high FE and NH; production rate, is attributed to
two key factors: (1) an enlarged ECSA providing abundant active sites, and
(2) significantly reduced R ensuring efficient interfacial electron transfer.
This enhancement arises from the highly dispersed bimetallic (Fe-Co)
nanoclusters within the porous NC matrix of Fe,Co,;/NC. This structure
maximizes active site exposure while optimizing electron conduction
pathways, thereby synergistically promoting the overall kinetics of
the NO5RR.

Catalyst stability, a critical metric for practical implementation, was
rigorously evaluated for Fe,Co;/NC. Cyclic electrolysis tests at —1.0 V vs.
RHE over six cycles (Fig. 2f) demonstrate almost constant FEs and NH;
production rates, indicating exceptional cycling stability. Furthermore, a 40-
hour durability test (Fig. 2g) reveals stable current density without decay,
confirming long-term operational robustness. After the catalytic reaction,
the Fe,Co,/NC catalyst maintains its original porous morphology (Fig. S7),
with no noticeable structural changes observed. Additionally, a comparison
of the pre- and post-reaction XPS spectra (Fig. S8) shows no significant
differences. These findings collectively demonstrate the excellent electro-
chemical stability of Fe,Co;/NC for NO;RR. Additionally, to rigorously
assess the catalyst’s resilience in the presence of industrial wastewater
contaminants, 0.01 M Cl~ was introduced into the electrolyte to simulate
complex real-world matrices. As shown in Fig. S9, the NH; yield rate and
FEs exhibits negligible changes across the applied potentials compared to
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Fig. 2 | Electrocatalytic NO;RR assessment. a The LSV curves for Fe,Co,/NC, Fe/
NCand Co/NC.b Comparative FEs and NH; production rate of FexCoy/NC, Fe/NC
and Co/NC at different potentials. ¢ Potential-dependent FEs and NH; yield for

Fe,Co;/NC. d ECSA measurements. (€) Nyquist plots from EIS. f, g Durability
testing results. h Comparison of NH; generation rates under different conditions
(inset: "H NMR spectra). i In situ FTIR spectroscopy of Fe,Co,/NC.

those in the original electrolyte. This consistent performance under
chloride-rich conditions demonstrates the catalyst’s excellent Cl~ tolerance,
underscoring its potential for practical application in nitrate-contaminated
wastewater treatment systems.

To definitively confirm the origin of NH; and exclude potential con-
tributions from environmental contamination or impurities, systematic
control experiments were conducted (Fig. 2h). The analysis reveals negli-
gible NH; detection under three conditions: at the OCP, in the absence of
NOj’, and without electrochemical pretreatment. The observed NHj levels
are substantially lower than the production rate (171.5 umolh™ cm™)
achieved with Fe,Co;/NC under optimal NO;RR conditions. Additionally,
"N isotopic labeling was employed to definitively trace the nitrogen source
of the electrogenerated NH; (inset in Fig. 2h). 'H nuclear magnetic reso-
nance (‘H NMR) analysis reveals a characteristic triplet for NH," when
“NO;" serves as the nitrogen source, whereas a distinct doublet is exclu-
sively observed when "NO;" is fed. These results conclusively demonstrate
that the produced NHj originates directly from the NO;RR, rather than
from atmospheric N, fixation or external nitrogen contaminants”.

To mechanistically elucidate the dynamic mechanism of the NO;RR
over Fe,Co;/NC catalysts, in situ Fourier-transform infrared spectroscopy
(FTIR) was employed to track potential-dependent intermediates (Fig. 2i).
Distinct spectral features emerged under cathodic polarization
(—0.6 ~ —1.5V vs. RHE), contrasting with negligible signals at OCP. The
v(O-H) and 8(H-O-H) absorption peaks at 3355cm™" and 1632cm™
indicate that the interfacial hydrolysis process continues to provide protons
for the reaction, which is a key prerequisite for the proton-coupled electron

transfer (PCET) pathway™. the characteristic peaks of v(NO) characteristic
peak at 1456 cm ™' reveals the generation of nitric oxide (NO (ads)) in the
adsorbed state, corroborating the activation of nitrate via the successive
deoxygenation pathway (NO;~ —NO, — NO (ads)). The S(NOH)
absorption peaks at 1520 cm ™ are also observed during this process. §(N-H)
vibrational mode at 1584 cm™" provides direct evidence for the presence of
hydroxylamine (NH,OH) intermediates”, while the enhanced v(N-H)
vibration at 3750 cm ™ is a clear indication of the eventual generation of free
NH;*. The above in situ FTIR constructed a complete reaction pathway:
NO;~ — NO (ads)—~NOH — NH,0OH — NHs,

To elucidate the role of the Fe,Co;/NC catalyst in enhancing the
NO;RR while suppressing the competing HER, density functional theory
(DFT) calculations were performed. Given that the adsorption of NO;~ and
H' is regarded as a prerequisite for catalytic activity™*, the d-band centers of
three catalysts (Fe,Co;/NC, Fe/NC, and Co/NC) were first evaluated via
projected density of states (PDOS) analysis (Fig. 3a). The results show that
the d—band center of Fe/NC (¢4 = —1.07 V) is higher than that of Co/NC
(eq=—1.37 V). Meanwhile, due to the interaction between Fe and Co
atoms, the ¢4 value of Fe,Co,/NC is adjusted to a moderate level of
—1.12 eV, which effectively modulates the interaction between the metal
active sites and reaction intermediates™. Subsequently, the adsorption
energies (AE,q) of NO;~ and H' on the catalysts were calculated. Notably,
Fe,Co;/NC exhibits a higher AE,4 for NO;~ and a lower AE,4 for H'
compared to Fe/NC and Co/NC (Fig. 3b). These results suggest that the
bimetallic sites more readily capture NO5 ", initiating the reduction reaction.
Fe,Co;/NC demonstrates more favorable kinetic properties for the NO;RR,
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while the weaker proton adsorption effectively suppresses the HER®". The
preferential adsorption of NO;~ over H' further confirms the selective
promotion of NO;RR and inhibition of HER on Fe,Co,/NC™. In addition,
charge density difference analysis revealed significant electron transfer
between the Fe,Co;/NC surface and the adsorbed NO; (Fig. 3¢), indicating
efficient activation of NOj’, which is essential for subsequent reduction
steps™.

To further understand the reaction mechanism, the free energy profiles
for the complete NO;RR pathway were computed for each catalyst. As
depicted in Fig. 3d, the potential-determining step (PDS) for the catalysts
corresponds to the proton-electron transfer of *NO to *NOH
(*NO+H'+ e — *NOH). After *NOH is generated, the reaction pro-
ceeds further, ultimately producing NH; on the Fe,Co;/NC surface.
Notably, the PDS energy barrier of Fe,Co;/NC (0.91 eV) is significantly
lower than those of Co/NC (1.51 eV) and Fe/NC (2.92 eV), suggesting that
bimetallic synergy effectively reduces the critical energy barrier, accelerates
the conversion of NO;~ to NH3, and thereby enhances catalytic efficiency™.
Collectively, both theoretical and experimental results validate that that the
bimetallic Fe;Co,/NC catalyst not only promotes NO;~ adsorption but also
facilitates a more efficient reaction pathway by reducing energy barriers,
thereby significantly enhancing NO;RR performance.

Zn-NO;™ battery performance evaluation

Based on the excellent structural chemistry and catalytic properties of
Fe,Co;/NC,aZn-NO;™ battery system was successfully constructed using it
as the cathode and Zn foil as the anode (Fig. 4a). To evaluate the electro-
chemical performance of Zn-NO;~ batteries with different materials
(Fe;Co1/NC, Fe/NC, and Co/NC) as cathode materials, the discharge per-
formance tests were carried out in a mixed electrolyte of 0.1 M KNO; and
0.1 M K,SO; (Fig. 4b). The results show that the battery based on Fe,Co,/
NC cathode exhibits significantly better electrochemical performance with a
peak power density as high as 0.39 mW cm > compared to Fe/NC and Co/
NC batteries. In addition, the OCP of the battery is measured to be 0.71 V
(Fig. 4c). To comprehensively evaluate the performance of the system, the

electrolyte after electrolysis was analyzed by UV-Vis absorption spectro-
scopy at different current densities (Fig. S10), from which the NHj yield of
the Zn-NO;~ battery based on the Fe,Co,/NC cathode and its FE is
quantitatively determined. As shown in Fig. 4d, both the NH; yield and FEs
increase simultaneously with the increase of current density. The optimal
performance is achieved at a current density of 10 mA cm > with an NH;
yield of 25.1 umol h™' cm > and a FE of 53.9%. The rate performance of the
Zn-NOs battery featuring a Fe,Co,/NC cathode was evaluated (Fig. 4¢). An
increase in current density from 2mA cm ™ to 10 mA cm™” results in a
progressive widening of the gap between its charge and discharge curves.
This characteristic response highlights the system’s robust electrochemical
behavior across different current densities.

Battery stability is a key indicator for evaluating its overall perfor-
mance. As shown in Fig. 4f, the Zn-NO; ™~ battery was subjected to a constant
current discharge test for 15 h at a constant current density of 5mA cm™.
The results show that the Zn-NO;~ battery with Fe,Co,/NC cathode
exhibits a stable discharge voltage plateau, which fully confirms its excellent
cycling stability. In conclusion, the bimetallic cluster architecture demon-
strates not only high catalytic efficiency for NO5;™~ to NH3, but also exhibits
high energy conversion efficiency and significant potential for practical
engineering applications.

NO2RR performance research

Nitrite anion (NO, ") presents unique advantages as a promising substrate
for aqueous electrochemical NH; synthesis, including low N=O bond dis-
sociation energy, favorable aqueous solubility, and relatively high redox
potential. To evaluate the NO,RR performance, the electrocatalytic per-
formance of three synthesized catalysts (Fe,Co;/NC, Fe/NC, and Co/NC)
for NO,™ to NH; conversion was systematically evaluated through LSV
measurements. As depicted in Fig. 5a, the LSV curves measured in 0.1 M
KNO, and 0.1 M K,SO, electrolyte reveal that the current density of Fe,Co,/
NC is significantly higher than that of Fe/NC and Co/NC in the potential
range of 0.0 V vs. RHE to —1.2'V vs. RHE, peaking at 150 mA cm 2. This
exceptional activity confirms the superior NO,RR capability of Fe,Co;/NC,
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which establishes favorable kinetics for NHj synthesis. These results
demonstrate that bimetallic cluster structures effectively synergize to
enhance the intrinsic electrocatalytic activity of catalytic sites™*". To identify
optimal NO,RR catalysts, we systematically evaluated the ammonia
synthesis performance of Fe,Co;/NC, Fe/NC, and Co/NC within the
potential window of —0.9 to —1.1 V vs. RHE. As depicted in Fig. 5b, NH;
yield exhibits a positive potential dependence, with Fe,Co;/NC demon-
strating superior NHj; production rates that underscore its exceptional
catalytic efficacy. This enhancement is attributed to bimetallic cluster-
mediated synergistic effects, aligning with prior studies confirming the
critical role of dual-metal configurations in NO,RR pathways**. To pre-
cisely quantify FEs and NH; yield for Fe,Co,/NC catalysts, the I-T method
(Fig. S11) coupled with UV-Vis spectroscopy (Fig. S12) was employed for
systematic assessment. As depicted in Fig. 5¢, the Fe,Co;/NC catalyst
exhibits a peak NH; generation rate of 322.6 umol h™' cm ™ at a potential of
—1.2'V vs. RHE, surpassing recently reported catalysts and highlighting the
synergistic effect of bimetallic nanoclusters (Table S2). Its FEs show a typical
volcano distribution, reaching an optimum value of 78.1% at —1.0 V vs.
RHE, and then falling back to 63.4% at —1.2 V vs. RHE. This efficiency decay
was attributed to the intensification of the HER at high cathodic potentials,
which competes with the nitrite reduction process and thus inhibits the
selectivity of NH; synthesis”. A long-term stability assessment of the
Fe,Co,/NC catalyst was subsequently conducted (Fig. 5d). At a potential of
—12V vs. RHE, the catalyst maintains a stable current density of
40 mA cm™? for 25hours. This performance underscores the excellent
catalytic stability of the Fe,Co;/NC catalyst over an extended period.

Zn-NO, ™ battery performance evaluation

Building upon the excellent NO,RR performance of the catalysts,
researchers assembled Zn-NO,™ batteries using Fe,Co;/NC, Fe/NC, and
Co/NC catalysts to investigate their electrochemical performance within a
battery configuration systematically. Discharge tests were performed in a
mixed electrolyte containing 0.1 M KNO, and 0.1 M K,SO, (Fig. 6a). The
results demonstrate that the Fe,Co;/NC-based battery exhibits significantly
superior power density compared to those with single-metal Fe/NC or Co/

NC catalysts, peaking at approximately 4.58 mW cm ™ at 4.75V vs. Zn/
Zn**. Furthermore, the OCP of the Fe,Co;/NC-based Zn-NO,~ battery was
measured at 1.43 V vs. Zn/Zn*" (Fig. 6b). Furthermore, the stability of the
Zn-NO, " battery employing an Fe,Co;/NC cathode was evaluated (Fig. 6¢).
The battery demonstrates no significant performance degradation during
continuous operation for 7 h across current densities ranging from 0.2 to
5mAcm™.

To systematically assess the performance of the Zn-NO, ™ battery with
the Fe,Co;/NC cathode, the NH; yields and FEs were further measured at
various current densities (Fig. 6d). The data reveal that the NH; yield
reaches a peak value of 30.9 umol-h™ at 8 mA cm™?, while the FE achieves
76.0% at 4 mA cm . Subsequent charge-discharge tests (Fig. 6e) indicate
that the voltage gap of the Zn-NO, ™~ battery systematically increased as the
current density was stepped up from 0.5 mA cm™ to 3.0 mA cm . Atalow
current density of 0.5 mA cm ™, the voltage gap was 1.49 V, while at a high
current density of 3.0 mA cm 7, the voltage gap widened to 2.19 'V, indi-
cating the excellent charging and discharging performance of the battery.
Long-term cycling stability tests (Fig. 6f) confirm highly stable performance
output over 24h of continuous operation. Collectively, these electro-
chemical performance metrics demonstrate the significant potential of the
Fe,Co;/NC material for NH; production in Zn-NO, ™~ battery. This system
enables the dual-functional objective of synchronous ammonia synthesis
and pollutant removal, offering a viable approach for the integration of
electrocatalytic ammonia production and environmental remediation.

Conclusions

In this study, a bifunctional Fe,Co;/NC electrocatalyst was successfully
synthesized via hydrogen fluoride etching of silica templates to construct
porous carbon substrates, synergistically anchoring FeCo bimetallic
nanoclusters as active sites. The catalyst exhibits excellent activity for
NO;RR and NO,RR. Comprehensive structural characterizations including
SEM, TEM, HAADEF-STEM, XPS and XAFS collectively confirm the
structural integrity of the material. In situ spectroscopy and theoretical
simulations further elucidate the catalytic mechanism and reaction path-
ways. Electrochemical measurements demonstrate that Fe,Co;/NC
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achieves optimal NO;~ to NH; conversion at —1.0 V vs. RHE, delivering an
exceptional NH; yield of 171.5 pmol h™" cm ™ and a FE of 85.6%. The cat-
alyst maintains excellent operational stability for 40 h. When integrated into
a Zn-NO;  battery, the system simultaneously generates electricity
(0.39 mW cm™), and NH; (25.1 umolh™" cm™, 53.9% FE). For NO,RR,
Fe,Co;/NC attains a peak FE of 78.1% at —1.0 V vs. RHE. The maximum
NHj yield reaches 322.6 pmolh™' cm ™ at —1.2 V vs. RHE, with sustained
stability exceeding 25 hours. Assembled Zn-NO,  battery exhibits sub-
stantially enhanced performance, attaining a power density of
4.58 mW cm 2. Overall, this work offers a robust platform for dual-function
nitrogen conversion and provides valuable guidance for designing high-
performance bimetallic nanocluster catalysts.

Methods

Material synthesis

Synthesis of Fe,Co,/NC catalysts. Initially, citric acid monohydrate
(CeH07-H,0, 5.0 g), ammonium chloride (NH,CI, 5.0 g), silica tem-
plate (SiO,, 1.5g), iron(Ill) nitrate nonahydrate (Fe(NOs3);-9H,O,
0.33 g), and cobalt(II) nitrate hexahydrate (Co(NO;),-6H,0, 0.12 g) were
co-dissolved in 15 mL of deionized water. A homogeneous precursor
solution was formed through ultrasonication-assisted magnetic stirring.
This solution was subjected to vacuum freeze-drying to obtain a solid
mixture, which was then thoroughly ground to yield a white precursor
powder. Subsequently, the powder was subjected to high-temperature
pyrolysis in a tube furnace under a continuous flow of high-purity argon
(Ar). The thermal program was set to heat to the target carbonization

temperature of 900 °C at a ramping rate of 10 °C min™", followed by
isothermal carbonization for 3 h. After natural cooling to room tem-
perature, a black intermediate product was obtained. To remove the SiO,
template, the product was immersed in a 5 wt% hydrofluoric acid (HF)
aqueous solution and etched at room temperature for 10 h. Following
etching, the sample was repeatedly washed with copious amounts of
deionized water until a neutral pH was achieved to eliminate residual acid
and dissolved silicon species. Finally, the washed solid product was dried
in an oven at 60 °C, thus obtaining the target Fe,Co;/NC catalyst powder.

Synthesis of FexCoy/NC (xiy =4:1, 1:2, 1:1, 1:4). Synthesized using
identical procedures but with adjusted Fe/Co precursor masses. Fe,Coy/
NC (x:y =4:1, 1:2, 1:1, 1:4) were synthesized in the same steps, but the
masses of Fe and Co were replaced with 0.4 g Fe(NO3);-9H,0 and 0.072 g

Co(NOs3),-6H,O (4:1), 0.1667g Fe(NO;3);-9H,O and 0.2401g
Co(NO3),-6H,O (1:2), 0.25 g Fe(NOs);-9H,O and 0.1801 g
CO(NO3)2'6H20 (1'1), 0.1 g Fe(NO3)3'9H20 and 0.2881 g

Co(NO3),-6H,0 (1:4). Fe,Co,/NC means that the total mass of the iron-
containing material, 0.5 g, is used to determine the amount of substance
n. The mass of the iron-containing material is found by substituting n of
X/X +Y, and the mass of the cobalt-containing material is found by
substituting n of Y/X + Y for the mass of the cobalt-containing material.

Synthesis of Fe/NC. The procedure for the synthesis of Fe/NC is similar
to that of Fe,Co;/NC. However, only 0.5 g of Fe(NO;);-9H,0 was used as
the sole metal precursor.
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Synthesis of Co/NC. Co/NC was synthesized in the same steps as

Fe,Co;/NC. However, only 0.5 g of Co(NO3),-6H,0O was used as the sole
metal precursor.

Data availability

The data supporting the findings of this study are included in the paper on
the Supplementary Information and are also available upon request from
the corresponding author. All NMR spectra recorded during this study are
included in the Supplementary Data 1 file. The raw data for the theoretical
calculations during this study are included in Supplementary Data 2 file. All

the raw data for the figures during this study are included in Supplementary
Data 3 file.
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