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efficient and selective electroreduction of nitrate to ammonia under neutral aqueous conditions. To
establish a comprehensive structure-performance correlation, we systematically investigated an
array of diverse carbonyl-rich metal clusters, including Coz-CRMC, Cos-CRMC, Ruz-CRMC, Fez-CRMC,
Fes3-CRMC, Mo-CRMC, W-CRMC and Mnz-CRMC. Among them, Coz-CRMC electrode delivered excep-
tional performance, with a Faradaic efficiency of 97.2% and an ammonia yield rate of 150.5 mmol
h-t g-1cat, while Cos-CRMC electrode achieved a Faradaic efficiency of 98.7% and a yield rate of 129.2
mmol h-! g-'ca. Theoretical calculations and mechanism studies reveal that the high catalytic activi-

ty stems from enhanced NOs™ adsorption and a reduced energy barrier for the *NO hydrogenation
steps. Furthermore, electrostatic potential analyses highlight the critical role of metal-carbonyl
ligand interactions in optimizing the electronic environment of metal centers, facilitating stronger
NOs™ adsorption. This research offers a profound molecular-level understanding for the design of
sophisticated metal-cluster catalysts, opening avenues for efficient nitrogen cycling processes and
environmental restoration efforts.

© 2026, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved

Density functional theory calculations

1. Introduction Ammonia (NHs) is a cornerstone of industrial chemistry,

playing a vital role in nitrogen fertilizer production and
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emerging as a promising hydrogen-rich energy carrier [1,2].
However, the conventional Haber-Bosch process for NH3 syn-
thesis operates under extreme conditions of high temperature
and pressure, accounting for approximately 1.5% of global
energy consumption and 1.0%-2.0% of worldwide CO2 emis-
sions [3]. Electrochemical NH3 synthesis offers a sustainable
and environmentally friendly alternative to replace the Ha-
ber-Bosch process. Nevertheless, the practical application of
direct electrocatalytic nitrogen (N2) reduction reaction (NRR) is
hindered by the low solubility of N2 gas and the high dissocia-
tion energy of the N=N triple bond (941 k] mol-1) [4-9]. These
challenges have spurred interest in the electrocatalytic nitrate
reduction reaction (NITRR) as a more efficient route for NH3
production [10-15]. Nitrate, a highly soluble and lower-energy
(204 K] mol-1) nitrogen source, is not only abundant globally
but also a significant environmental pollutant, making its con-
version into NH3 both practical and beneficial for environmen-
tal remediation [16]. By leveraging renewable electricity,
NITRR transforms harmful nitrates into valuable NH3, contrib-
uting to sustainable nitrogen cycling.

The NITRR process involves the transfer of eight electrons
and nine protons (NO3- + 6H20 + 8e- = NH3z + 90H"), necessi-
tating a substantial supply of active hydrogen (H*). Insufficient
H* availability at active sites often leads to side reactions, re-
ducing Faradaic efficiency (FE) and NHs yield [17,18]. Addi-
tionally, the competing hydrogen evolution reaction (HER)
further complicates the process, as H* recombination into H:
diverts electrons from NHs production. Therefore, designing
electrocatalysts with optimized active sites is critical [19,20].
These catalysts must efficiently dissociate water to generate H*
while preventing H* recombination, ensuring high NH3 selec-
tivity and yield. Atomically precise metal clusters, with their
well-defined structures, offer a promising platform for studying
and optimizing these processes [21,22]. According to the
d-band center theory, an upshifted d-band center strengthens
interactions between metal sites and adsorbates, enhancing
catalytic activity. Introducing electron-withdrawing functional
groups as ligands can modulate the d-band center, improving
adsorption and proton-coupled electron transfer capabilities
[23]. These insights highlight the potential of molecularly en-
gineered metal clusters as high-performance NITRR electrocat-
alysts, enabling the establishment of intrinsic structure-activity
relationships.

Herein, we explore carbonyl-rich metal clusters as a model
platform for investigating active site configurations and NITRR
mechanisms. We systematically investigate a series of carbon-
yl-rich metal clusters (CRMC), including Co2-CRMC, Cos-CRMC,
Rus3-CRMC, Fez-CRMC, Fe3-CRMC, Mo-CRMC, W-CRMC and
Mn2-CRMC, to elucidate their structure-performance relation-
ships in NITRR. Among them, Co2-CRMC and Co4-CRMC clusters
exhibit exceptional NH3s production performance, achieving FEs
of ~98.0% in neutral aqueous media. Theoretical calculations
and mechanism studies reveal that the high catalytic activity
originates from preferential NO3~ adsorption and lowered en-
ergy barriers for the *NO hydrogenation steps. Electrostatic
potential (ESP) analyses further demonstrate that carbonyl
ligands enhance the nucleophilic properties of metal centers,

facilitating NOs~ adsorption. The findings provide a new para-
digm for the study of other coordination-based electrocatalytic
systems, such as metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), and molecular electrocatalysts
[24-29], opening new avenues for sustainable catalysis.

2. Experimental
2.1. Chemicals and materials

All the carbonyl-rich metal clusters investigated in this
study were received from Shanghai Aladdin Biochemical
Technology Co., Ltd. Co2-CRMC (dicobalt octacarbonyl
(Coz2(CO)s, 98%)), Cos-CRMC (tetracobalt dodecacarbonyl
(Cos4(CO)12, 98%)), Rus-CRMC (triruthenium dodecacarbonyl
(Ruz(CO)12, 99%)), Fe2-CRMC (diiron nonacarbonyl (Fez(CO)9,
97%)), Fe3-CRMC (triiron dodecacarbonyl (Fe3(CO)1z, 96%)),
Mnz2-CRMC (dimanganese decacarbonyl (Mnz(CO)i0, 98%)),
Mo-CRMC (molybdenum hexacarbonyl (Mo(CO)s, 98%)), and
W-CRMC (tungsten hexacarbonyl (W(CO)s, 97%)].

2.2. Material characterizations

The crystalline structures and phase compositions of the
samples were analyzed using powder X-ray diffraction (PXRD,
Bruker D8 Advance diffractometer) with a Cu Kz (A = 1.5418 A)
radiation source. Attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectra were measured on a Thermo
Fisher Scientific Optics NICOLETIS10 FTIR spectrometer with a
Universal ATR accessory in the range of 4000 to 400 cm-.
Field-emission scanning electron microscopy (FE-SEM, FEI
Nova Nano-450 instrument) was utilized for morphological and
structural characterizations. Transmission electron microscopy
(TEM) was conducted using a JEM-2100 instrument. To inves-
tigate the detailed surface compositions and valence states of
all samples, X-ray photoelectron spectroscopy (XPS) was car-
ried out using a PHI-5000 Versa Probe instrument. The K-edge
extended X-ray absorption fine structure spectroscopy (EXAFS)
was conducted by the transition mode at the BL14W1 end sta-
tion in the Shanghai Synchrotron Radiation Facility (SSRF). The
acquired EXAFS data were processed and fitted according to
standard procedures using the ATHENA module of the IFEFFIT
software packages. The ultraviolet-visible (UV-vis) absorbance
data were measured using a Shimadzu UV-2600 spectropho-
tometer.

2.3.  Electrocatalytic measurements

For the preparation of working electrodes, a piece of carbon
paper (CP, 1 x 1 cm?) was cleaned using acetone, alcohol, and
water, then dried in a vacuum oven at 80 °C. The electrocatalyst
ink was created by dispersing 4 mg of the specific sample in a
1:1 mixture of deionized (DI) water and ethanol (900 pL), fol-
lowed by the addition of 100 pL Nafion. This mixture was ul-
trasonicated for 30 minutes. Afterward, 100 pL of the electro-
catalyst ink was applied to the CP and dried at room tempera-
ture. The NITRR measurements were conducted with a
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CHI-760E electrochemical workstation at room temperature
and ambient pressure using an H-type cell divided by a Nafi-
on-117 proton exchange membrane. A platinum disk electrode
(1 x 1 cm?) served as the counter electrode, while a saturated
Ag/AgCl electrode served as the reference electrode. For in-
dustrially relevant current density performances in NITRR, the
custom-made flow cell was employed. The electrolyte was
purged with high-purity Ar gas flow for 5 min prior to the
NITRR measurements. Linear sweep voltammetry (LSV) tests
were conducted at a scan rate of 5 mV s-1. After each electroly-
sis operation, the electrolyte was analyzed using UV-vis ab-
sorption spectrophotometry, as described below. All applied
potentials were calibrated against the reversible hydrogen
electrode (RHE) using the following equation:

E (vs. RHE) = E (vs. Ag/AgCl) + 0.1989 + 0.059 x pH 1)

3. Results and discussion
3.1. Structural and compositional characterizations

Carbonyl-rich metal clusters, such as Co2-CRMC and
Cos-CRMC, serve as exemplary models for studying met-
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Advantages of electron-withdrawing carbonyl groups:

¥» Optimizing the NOz" adsorption

» Modulating the electronic state of metal centers.

» Facilitating the hydrogenation reaction to produce NH3

al-carbon interactions in coordination chemistry. The crystal-
line structure of Coz2-CRMC features a dimeric arrangement,
with two cobalt atoms bridged by carbonyl ligands (Fig. 1(a)).
Co2-CRMC adopts a symmetrical configuration, comprising both
terminal and bridging carbonyl groups, which impart distinct
electronic properties. In contrast, Co4-CRMC exhibits a tetranu-
clear cobalt core, showcasing greater coordination complexity
and electronic delocalization (Fig. 1(b)). These structural fea-
tures not only highlight the stabilizing role of carbonyl ligands
but also underscore their potential for catalytic applications in
neutral aqueous environments. PXRD analyses confirmed the
phase purity of both clusters, with no detectable impurities
(Fig. 1(c)). FTIR spectroscopy provided further insights into
their vibrational characteristics. Both clusters displayed dis-
tinct absorption bands: terminal carbonyl ligands appeared at
higher frequencies (~2044 cm-1), while bridging carbonyls
were observed at lower frequencies (~1891 cm-1) (Fig. 1(d)).
These bands reflect the electron density distribution and the
essence of Co-Co interactions.

XPS analyses of the cobalt carbonyl clusters offer valuable
insights into their phase characteristics and oxidation states.
Survey XPS spectra demonstrate the existence of Co, C, O ele-
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Fig. 1. Structural and compositional characterizations. Crystal structures of carbonyl-enriched Co2-CRMC (a) and Cos-CRMC clusters (b). PXRD pat-
terns (c) and FTIR spectra (d) of two carbonyl-rich cobalt clusters. Survey XPS spectra (e) and high-resolution XPS spectra (f) at O 1s level of two
cobalt clusters. High-resolution XPS spectra at C 1s level for Co.-CRMC (g) and Co4-CRMC clusters (h).
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ments in the Coz-CRMC and Co4-CRMC clusters (Fig. 1(e)). The
O 1s spectra exhibited a peak at 531.7 eV, corresponding to C=0
functional groups (Fig. 1(f)) [30], while the C 1s spectra showed
a peak at 288.3 eV, attributed to carbon atoms in C=0 bonds
(Figs. 1(g)-(h)) [31,32]. These findings confirm the linkage of
carbonyl groups in both clusters. SEM images of these clusters
revealed the morphology of microcrystal aggregates (Fig. S1).
Elemental mapping confirmed the homogeneous distribution of
Co, C, and O within both samples. TEM further elucidated the
morphological features of the clusters (Fig. S2).

High-resolution XPS spectra at Co 2p level of Coz2-CRMC and
Co4-CRMC clusters displayed peaks at 781.6 eV (2ps,2) and
797.4 eV (2p1/2), characteristic of Co2* species, along with satel-
lite peaks at 786.8 and 803.1 eV (Fig. 2(a)) [33-35]. X-ray ab-
sorption fine structure (XAFS) analyses at the Co K-edge pro-
vided insights into the local coordination and electronic struc-
ture. The adsorption edge positions of Coz-CRMC and
Co4-CRMC clusters were similar to that of CoO, indicating a
divalent state for Co atoms in the clusters (Fig. 2(b)). Fouri-
er-transform EXAFS fitting results identified two main peaks:
the first shell (Co-C coordination) at ~1.56 A and the second
shell (Co-O coordination) at ~2.70-2.73 A (Fig. 2(c)). Quantita-

Coz2-CRMC and ~3.5 for Co4-CRMC in the first shell (Figs.
2(d)-(f), Table S1). The difference between Co K-edge wavelet
transformation of two cobalt clusters and other reference sam-
ples distinctly corroborated that the first shell is Co-C coordi-
nation instead of Co-O (Figs. 2(g)-(j))-

3.2. Electrocatalytic NITRR measurements

The electrocatalytic NITRR performances of two carbon-
yl-rich cobalt cluster electrodes, Co2-CRMC and Cos-CRMC,
were evaluated in a H-cell system under neutral conditions.
LSV curves recorded in electrolytes with varying nitrate con-
centrations and without nitrate ions are shown in Figs. 3(a), (d)
and Figs. S3, S4, respectively, indicating the distinct electro-
chemical activities for each catalyst towards nitrate species.
The NITRR tests were performed in two electrolytes: a 0.1 mol
L-1 Naz2S04-0.1 mol L-1 KNOs mixed solution (applied potential:
-0.6 to -0.9 V vs. RHE) and a 0.5 mol L-1 KNO3 solution (applied
potential: -0.4 to -0.7 V vs. RHE). Since nitrate (NO3") is both
the reactant and a key conducting species, its rapid consump-
tion by the highly active electrocatalysts during long-term sta-
bility tests would otherwise lead to a continuous drop in solu-
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Fig. 2. Fine structure characterizations. (a) XPS spectra at Co 2p level for carbonyl-enriched Co2-CRMC and Co4-CRMC clusters. Co K-edge XANES (b)
and EXAFS (c) spectra of two cobalt clusters along with other reference samples. (d-f) Co K-edge EXAFS fitting curves of two cobalt cluster samples.
(g-j) Co K-edge wavelet transformations of two cobalt clusters along with other reference samples.
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voltage, complicating the following stability assessment in
low-concentration nitrate electrolyte. The inert sodium sulfate
provides a constant and high ionic strength, ensuring stable
electrolyte conductivity throughout the experiment and allow-
ing us to focus on the catalyst's performance analysis.
Time-resolved current density measurements over 30 min at
different overpotentials revealed a monotonic increase in cur-
rent density with more negative potentials (Fig. S5). In the 0.1
M NazS04-0.1 mol L-1 KNO3 mixed electrolyte, both electrodes
demonstrated exceptional performances for selective NH3 syn-
thesis (Figs. 3(b), (c)). The Co2-CRMC electrode achieved a
maximum Faradaic efficiency (FE) of 97.2% with an NH3 yield
rate of 150.5 mmol h-1 g-1ct, while the Cos-CRMC electrode
reached an FE of 98.7% with a yield rate of 129.2 mmol h-!
g lat. In the 0.5 mol L-1 KNO;3 electrolyte, the performances
slightly declined (Figs. 3(e), (f)). The Coz-CRMC electrode ex-
hibited an FE of 87.7% and a yield rate of 225.1 mmol h-1 g-Zcat.
at -0.5 V (vs. RHE), whereas the Cos-CRMC electrode achieved
an FE of 94.3% and a yield rate of 138.1 mmol h-1 g-1cat. at -0.4
V (vs. RHE).

The product analyses of nitrogen-containing species in the

Coz-CRMC 0.1 M NO3

263

NITRR on Coz-CRMC and Cos4-CRMC electrodes at various po-
tentials are quantitatively summarized in Figs. S6-S8. Using a
mixed electrolyte of 0.1 mol L-! Na2SO4 and 0.1 mol L-1 KNOs,
the detection of only minimal nitrite (NO2") byproducts
demonstrates high selectivity toward the electrochemical con-
version of nitrate to ammonia. A comparison of Coz-CRMC and
Cos-CRMC with representative electrocatalysts reported in
prior studies (Fig. S9) indicates that both electrodes achieve
competitive FEnus values compared to many prior works
[36-51]. To verify the origin of the ammonia product,
15N-labeled nitrate (Nal5NOs, 98.3% enrichment) was utilized
as a tracer. The resulting 'H NMR spectrum (Fig. S10) displayed
the characteristic doublet of 15NH4* in the post-reaction elec-
trolyte, which contrasts with the triplet pattern observed for
14NH4* when using nitrate at natural abundance. These distinct
isotopic signals confirm that the electrochemically generated
ammonia originates from the reduction of nitrate, rather than
from adventitious nitrogen contaminants.

A comparative assessment of electrochemical surface area
(ECSA) was performed to examine the intrinsic catalytic fea-
tures of the Co2-CRMC and Cos-CRMC electrodes. Cyclic volt-
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NazS04-0.1 mol L1 KNO3 mixed electrolyte. FE values and NH3 yield rates of Co2-CRMC (b) and Cos-CRMC (c) electrodes for the NITRR. (d) LSV curves
of the two samples tested in 0.5 mol L-! KNOs electrolyte. FE values and NH3 yield rates of Co,-CRMC (e) and Cos-CRMC (f) electrodes for the NITRR.
XPS spectra at Co 2p level (g), C 1s (h), and O 1s (i) levels of Co2-CRMC electrode before and after the NITRR process. (j) Typical SEM image and ele-
mental mappings of Co2-CRMC clusters supported on carbon paper (CP) after the NITRR process.



264 Miao Wang et al. / Chinese Journal of Catalysis 88 (2026) 259-268

ammetry (CV) was carried out between -0.45 and -0.55 V (vs.
Ag/AgCl), and the double-layer capacitance (Ca)) was derived
from the linear relationship between the current density dif-
ference at —0.50 V and the scan rate. As illustrated in Fig. S11,
the calculated Ca for Cos-CRMC (0.40 mF cm-2) exceeds that of
Co2-CRMC (0.27 mF cm-2), indicating a moderately larger elec-
trochemical active surface area of Cos-CRMC than that of
Coz2-CRMC. This higher capacitance implies greater accessibility
of active sites for accommodating nitrate reduction intermedi-
ates. Electrochemical impedance spectroscopy (EIS) further
distinguished the charge-transfer behaviors of the two elec-
trodes (Fig. S12). The Nyquist plots demonstrate that
Co2-CRMC presents a lower charge-transfer resistance (Rct)
relative to Cos-CRMC, pointing to more facile electron transfer
kinetics within the Co2-CRMC.

Ex-situ XPS analyses of the Coz2-CRMC electrode before and
after the NITRR process revealed a slight negative shift in the
Co 2p binding energy, indicating a reduction in the cobalt oxi-
dation state under negative bias (Fig. 3(g)). The C 1s and O 1s
XPS spectra confirmed the persistence of carbonyl groups after
the electrocatalytic reaction testing (Figs. 3(h), (i)). Additional-
ly, SEM and elemental mapping images showed minimal mor-
phological changes in the Coz2-CRMC electrode post-reaction, to
some extent, confirming its structural stability (Fig. 3(j)). Nota-
bly, we experimentally observed a subtle structural reconstruc-
tion in two types of cobalt-based metal clusters (i.e., Co2-CRMC
and Cos-CRMC), which may optimize the interaction of electro-
catalyst with nitrate ions and reaction intermediates synergis-
tically, leading to enhanced catalytic activity and ammonia se-
lectivity.

3.3. Fine structure characterizations and electrocatalytic tests
of other carbonyl-rich metal clusters

The Ru K-edge X-ray absorption near-edge structure
(XANES) spectra of Ruz-CRMC, RuOz, and Ru foil revealed simi-
lar adsorption edge positions, suggesting that the Ru in
Rusz-CRMC is close to a tetravalent state (Fig. S13(a)). In the
R-space plot, the first peak for Rus-CRMC appeared at 1.36 A,
corresponding to Ru-C coordination in the first shell, while the
first peak for RuO2 was observed at 1.50 A, attributed to Ru-0
coordination, as displayed in Fig. S13(b). Fourier-transform
EXAFS fitting results indicated that the first coordination shell
of Rus-CRMC consists of approximately four Ru-C bonds with
an average bond length of 1.87 A (Fig. S13(c), Fig. S14, and Ta-
ble S2). The difference between Ru K-edge wavelet transfor-
mation of Rus-CRMC and RuO:z distinctly corroborates that the
first shell of Rus-CRMC is Ru-C coordination instead of Ru-O
(Figs. S13(d), (e))-

The electrocatalytic performances of a series of other car-
bonyl-rich metal cluster electrodes (Ru, Fe, Mn, Mo, and W)
were also evaluated for the NITRR under ambient conditions.
Their crystal structures are illustrated in Figs. S15-5S19. LSV
curves in 0.5 mol L-1 KNOs solution demonstrated varying ac-
tivities among the electrodes, with Ru3-CRMC exhibiting the
highest response to nitrate species (Figs. S13(f) and (h)).
Time-resolved current density measurements over a 0.5-h pe-

riod for the Ru3-CRMC electrode are shown in Fig. S20. The
ammonia production performances of the electrodes generally
followed the order: Rus-CRMC > Fe3-CRMC > Fez2-CRMC >
Mo-CRMC > W-CRMC > Mn2-CRMC (Figs. S13(g) and (i))). No-
tably, the Ru3-CRMC electrode achieved a Faradaic efficiency
(FE) of 84.9% at -0.9 V (vs. RHE) with an NHs yield rate of
2459 mmol h-! g-lc, outperforming Fes3-CRMC (79.2% FE)
and Fez-CRMC (78.3% FE). The long-term NITRR stability tests
over 40000 s confirmed the robustness of Ruz-CRMC electrode,
with no significant decline in current density or FE (Fig. S13(j)).

3.4. Theoretical calculations and mechanism studies

Density functional theory (DFT) calculations were employed
to explore the role of carbonyl groups in modulating the elec-
tronic structure of the metal center in the Coz-CRMC cluster
[52]. Projected density of states (PDOS) analysis of *NOs3 ad-
sorption revealed strong interactions between the Co 3d orbit-
als and NOs3~, with the Co 3d orbitals positioned near the Fermi
level (Ef), indicating enhanced catalytic activity (Fig. 4(a)). The
significant orbital overlap between Co 3d and NOs~ orbitals
ensures stable adsorption, facilitating the subsequent NITRR
process. Electrostatic potential (ESP) analysis further high-
lighted the influence of carbonyl groups, showing a highly posi-
tive ESP value (25.01 kcal mol-1) at the Co sites, which favors
the adsorption of nucleophilic NOs~ (Fig. 4(b)) [23]. Further-
more, charge transfer analysis confirmed the transfer of 0.62
electrons from the Co atom to the NO3~ moiety, suggesting that
the Co site acts as the active center for the NITRR (Fig. 4(c)).

Gibbs free energy calculations along the NITRR pathway
provided deeper insights into the reaction mechanism (Fig.
4(d) and Fig. S21). The adsorption of NO3~ at the Co site was
followed by protonation to form *HNO3, requiring 0.78 eV of
free energy. The subsequent conversion of *HNO3 to *NO2z was
exothermic, releasing 5.18 eV of free energy and producing the
first H20 molecule. The step from *NOz to *HNO: was endo-
thermic, with a free energy increase of 0.56 eV, marking it as
the potential-determining step (PDS). Subsequently, two con-
figurations of *NO adsorption along the N-end and O-end
pathways were investigated. Although the 0-end configuration
exhibited stronger binding (AG = -8.50 eV) compared to the
N-end configuration (AG = -8.25 eV), the hydrogenation of *NO
in the 0-end pathway required significantly more energy (1.17
eV) than the N-end pathway (0.55 eV). Thus, the N-end path-
way was identified as the more favorable route. Further steps
involved the reduction of *NO to *N, releasing the third H20
molecule, followed by the sequential hydrogenation of *N to
NHs, both of which were exothermic. The final desorption of
NHs completed the catalytic cycle. Additionally, the weaker
binding strength of H* (AG+1 = 0.78 eV) compared to NO3™ at the
Co site (Fig. S22) further confirmed the preference for the
NITRR over the competing HER process. These findings under-
score the excellent electrocatalytic NITRR performance of the
Co2-CRMC cluster, attributed to its strong NO3~ adsorption ca-
pability and the reduced energy barrier for *NO hydrogenation.

Based on the in-situ differential electrochemical mass spec-
trometry (DEMS) analysis, the detection of reaction intermedi-
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Fig. 4. Theoretical calculations and mechanism studies. (a) The PDOS analysis of Co-3d and NO3™-2p adsorbed on the carbonyl-rich Co.-CRMC model.
(b) The ESP surface analysis of the Coz-CRMC model. (c) The charge density difference of the NO3™ adsorbed on the Co2-CRMC model. The cyan and
yellow regions corroborate charge depletion and charge accumulation, respectively. The isosurface value is 0.03 eV A-3. (d) Calculated free-energy
diagrams of the possible electrocatalytic NITRR pathways on the Co2-CRMC model. The inserts illustrate the optimized adsorption configurations of
various reaction intermediates along the N-end pathway. (e) In-situ DEMS patterns of NITRR on Co2-CRMC electrode. (f) In-situ ATR-FTIR spectra of

Co2-CRMC electrode under various applied potentials.

ates such as NOH, NO, NHs, and NHz, particularly the emer-
gence of key NH and N intermediates at m/z = 15 and 14, indi-
cates a more favorable reaction pathway proceeding via the
N-end route (Fig. 4(e)). This observation is in good agreement
with theoretical simulation results. Regarding the in-situ
ATR-FTIR measurements, distinct absorption bands around
1640, 1230, and 1097 cm-1! are identified, corresponding to NO,
NOz, and NH: species, respectively, as shown in Fig. 4(f)
[53-56]. These findings further support the presence and evo-
lution of NHz characteristic intermediate during the NITRR
process.

3.5. Flow cell tests of NITRR

The implementation of CRMC in the NITRR requires their
ability to function effectively under industrially relevant cur-
rent densities. To assess this capability, a specialized flow cell
configuration was designed for electrocatalytic NITRR evalua-
tion (Fig. 5(a)). LSV measurements were conducted using

Coz-CRMC and Cos-CRMC electrodes in a 0.1 mol Lt
Naz2504-0.1 mol L-1 KNO3 mixed electrolyte, as illustrated in
Fig. 5(b). Long-term operational stability is another critical
parameter for evaluating catalytic performance. A chronoam-
perometry experiment was performed on the Cos-CRMC elec-
trode at a fixed potential of -0.6 V (vs. RHE) for a duration of
10,800 seconds within the flow cell system (Fig. 5(c)). The cur-
rent-time (I-t) curve revealed a modest decline after roughly
two hours, indicating a slight reduction in catalytic activity. The
Faradaic efficiency for ammonia synthesis was measured at
91.1% after one hour, increased to 93.5% after two hours, and
maintained at approximately 86.9% following 3 h of continu-
ous operation. Generally, the decay in Faradaic efficiency is
primarily attributed to a surface conditioning process under
high-current operation, potentially involving subtle restruc-
turing of catalytic sites or temporary adsorption of reaction
intermediates, a common phenomenon in the electrocatalytic
field.
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4. Conclusions

In summary, we explored atomically precise carbonyl-rich
metal clusters as a model platform with exceptional activity
and selectivity for direct electrochemical nitrate-to-ammonia
conversion in neutral media. To elucidate the intrinsic struc-
ture-activity relationship in the NITRR, we conducted a sys-
tematic study on various carbonyl-rich metal clusters, such as
cobalt (Coz-CRMC, Co4-CRMC), ruthenium (Rus-CRMC), iron
(Fe2-CRMC, Fes3-CRMC), molybdenum (Mo-CRMC), tungsten
(W-CRMC), and manganese (Mnz-CRMC) derivatives. Notably,
two cobalt-based cluster electrodes demonstrate superior
ammonia production performances, achieving near-unity Far-
adaic efficiencies (~98.0%) under neutral conditions. Theoret-
ical calculations reveal that the high electrocatalytic NITRR
performances stem from the preferential adsorption of NO3~
and the reduced energy barrier for *NO hydrogenation. ESP
analyses further highlight the critical role of carbonyl ligands in
enhancing the adsorption affinity of Co centers for NOs~. This
work offers a strategic approach to designing advanced metal
cluster catalysts through molecular-level engineering, paving
the way for efficient ammonia production and broader applica-
tions in sustainable catalysis.
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Computational details, the crystal structures of carbon-
yl-rich metal cluster models, SEM, TEM, LSV curves, I-t curves,
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